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GENERAL INTRODUCTION 

American Chemical Society Series of 
Scientific and Technologic Monographs 

By arrangement with the Interallied Conference of Pure and Applied 
Chemistry, which met in London and Brussels in July, 1919, the American 
Chemical Society was to undertake the production and publication of 
Scientific and Technologic monographs on chemical subjects. At the same 
time it was agreed that the National Research Council, in cooperation with 
the American Chemical Society and the American Physical Society, should 
undertake the production and publication of Critical Tables of Chemical 
and Physical Constants. The American Chemical Society and the National 
Research Council mutually agreed to care for these two fields of chemical 
development. The American Chemical Society named as Trustees, to 
make the necessary arrangements for the publication of the monographs, 
Charles L. Parsons, secretary of the society, Washington, D. C. ; the late 
John E. Teeple, then treasurer of the society. New York; and Professor 
Gellert Alleman of Swarthmore College. The Trustees arranged for the 
publication of the A. C. S. series of (a) Scientific and (b) Technologic 
Monographs by the Chemical Catalog Company, Inc. (Reinhold Publishing 
Corporation, successors) of New York, 

The Council, acting through the Committee on National Policy of the 
American Chemical Society, appointed editors (the present list of whom 
appears at the close of this introduction) to have charge of securing authors, 
and of considering critically the manuscripts submitted. The editors 
endeavor to select topics of current interest, and authors recognized as 
authority in their respective fields. 

The development of knowledge in all branches of science, especially in 
chemistry, has been so rapid during the last fifty years, and the fields 
covered by this development so varied that it is difficult for any individual 
to k««p in touch with progress in branches of science outside his own 
speciality. In spite of the facilities for the examination of the literature 
given by Chennical Abstracts and by such- compendia as Beilstein’s Hand- 
buch der Organischen Chemie, Richter's Lexikon, Ostwald’s Lehrbuch der 



VI 


GENERAL INTRODUCTION 


the knowledge on a given topic. Consequently when nien who have spent 
years in the study of important subjects are willing to coordinate their 
knowledge and present it in concise, readable form, they perform a service 
of the highest value. It was with a clear recognition of the usefulness of 
such work that the American Chemical Society undertook to sponsor the 
publication of the two series of monographs. 

Two distinct purposes are served by these monographs.* the first, whose 
ful fil lment probably rendeis to chemists in general the most important 
service, is to present the knowledge available upon the chosen topic in a 
form intelligible to those whose activities may be along a wholly different 
line. Many chemists fail to realize how closely their investigations may 
be connected with other work which on the surface appears far afield from 
their own, ^ These monographs enable such men to form closer contact 
with work in other lines of research. The second purpose is to promote 
research in the branch of science covered by the monographs, by furnishing 
a well-<iigested survey of the progress already made, and by pointing out 
directions in which investigation needs to be extended. To facilitate the 
attainment of this purpose, extended references to the literature enable 
anyone interested to follow up the subject in more detail. If the literature 
IS so yoliminous that a complete bibliography is impracticable, a critical 
selection is made of those papers which are most important. 
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Preface 

, In this book we shall attempt a characterization of amino acids, peptides 
and proteins. It is our aim to examine the evidence concerning the size 

, and shape of these molecule s, and the number and distribution of the elec- 
tric charges which they bear. Above all, we shall consider the implications 
of their charged structure for their physical properties, and their physico- 
chemical interaction with other molecules. We have not written a sys- 
tematic treatise on all aspects of the chemistry of the proteins, or even of 
their physical chemistry, but have aimed only at presenting those subjects 
which are our primary concern from a definite, if limited, point of view. 
We have made no attempt to discuss experimental techniques, except when 
it has been necessary to do so in order to make clear the operational basis 
of the principles which are involved. 

By the beginning of the present century, the fundamental work of many 
organic chemists had revealed a group of a-amino acids as the essential 
constituents of proteins. Analytical evidence indicated that the proteins 
were large molecules, although their exact size remained undefined. Dur^ 
ing the past twenty-five years a revolution has occurred in the study of 
protein chemistry, By the use of osmotic pressure measurements and of 
the ultr^wentrifuge, it has been possible to determine the size of these very 
large molecules. X-ray diffraction studies have begun to reveal complex 
and systematic patterns in protein crystals, although the information at 
present obtainable from them is limited. The advance of organic chem- 
istry has proceeded steadily. New and more powerful analyiiical tech- 
niques have been devised for determining the constituents of protein 
molecules. At least two essential amino acids of proteins have been dis- 
covered since 1920. New methods for the sjmthesis of peptides, and the 
study of their splitting by proteolytic enzymes, have deepened our knowl- 
edge of the chemical linkages in the protein molecule. 

All these advances have influenced our thinking profoundly, and are 
discussed in the present monograph. However, we may point to two great 
papers which are landmarks in the approach to protein chemistry which 
is adopted here. Both of theSe papers were published in the same year, 
1923. One is the treatment by Debye and Hiickel of the interionic forces 
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of the work of Debye and Hiickel, and of Bjerrum, are too far-reaching to 
permit a summary here. The greater part of this monograph represents 
an exploration of the field opened to investigation by these fundamental 
studies. 

It was immediately apparent, when these papers appeared, that the study 
of dipolar ions and of interionic forces must be of great importance for the 
underatanding of protein molecules. The complexity of the structure of 
proteins, however, raises great difficulties in the interpretation of experi- 
mental measurements made upon them. In consequence, it was desirable 
to turn to the simpler dipolar ions, the amino acids and peptides, of which 
the proteins are built, as models for the inteipretation of the behavior of 
proteins. The first part of this monograph is entirely concerned with these 
simpler molecules, and forms an essential preliminary .to the second part, 
which deals with the proteins. The general objectives of the whole book 
are more fully set forth in the first chapter. 

The preparation of this book was first contemplated some fifteen years 
^0, whaa the senior author was invited by the Publication Committee of 
he .^encan Chemical Society to prepare a monograph on the physical 
Jemistiy of the proteins. The foundations of the field of study coLLed 
wem however, cle^Iy in a state of flux at that time. New studies, fir^t 
n ammo acids Md peptides and later on proteins, were undertaken as a 
^e^iy prel^aiy to any adequate treatment of dipolar ions. When 
we conader the present state of knowledge, we must recoraize a 

approachmg an adequate theory of the physical 
Ik 4- • rry^ coopcrative efforts of workers in several diffpmnf 
taon for the study of some aspects of the chemistiy of proteins 

SmU of protek, chepmtnta to 

of the pMtein molecX Tk ™ " ““‘taUon of the .truotuie 
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found opportunity to include. We have omitted practically all discussion 
of protein surface films* and of denaturation. Although the theory of 
electrophoresis is treated by Professor Mueller, the intended treatment 
of the experimental data in this field has been postponed.! Another field 
of importance, which must in the end influence our understanding of 
enzyme action, is the effect of dipolar ions on reaction velocities.! It is 
our hope to discu’ss all these topics at some future time. 

This book represents the collaboration of a large group of closely asso- 
ciated workers including George Scatchard, John G. Kirkwood, Hans 
Mueller, J. L. Oncley, Ronald M. Ferry, W. T. Salter, Jeffries Wyman, 
Jr., A. von Muralt, Marcel Florkin, T. L. McMeekin, A. A. Green, J. P. 
Greenstein, N. F. Burk, N. R. Joseph, Danella Straup-Cope, V. E. Morgan, 
J. Steinhardt, J. A. Luetscher, Jr., H, L. Fevold, G. E. Perlmann, I. 
Fankuchen, W. L. Hughes, Jr., and L. E. Strong. Through constant 
association over a period of years, through discussions in seminar meetings, 
through cooperation in the laboratory, and through personal contacts, 
this body of thought has become the product of their collaboration. They 
have critically considered the experiments of previous investigators, and 
also the interpretation of new experiments in terms of older theories. 
When these seemed inadequate, new theoretical approaches have been 
attempted. Such discussions led, for instance, to the theory of inter- 
actions between ions and dipolar ions developed by Scatchard and Kirk- 
wood, and later extended by Kirkwood. 

The scope of the field is such that one or two authors could not do 
justice to it. We arc fortunate in that George Scatchard§, John G. 
Kirkwood, Hans Mueller and J. L. Oncley^f have pr(!i)ared the funda- 
mental chapters concerning subjects to which they have made essential 
contributions. The collaboration of J. W. Mehl in Ghapter 18 and of 
J, D. Ferry in Chapter 24 has also been of great value, as have been the 
revisions to Chapter 15, suggested by H. B. Vickery. Several of our other 
colleagues contributed to this book tables or data concerning subjects 
with which they are particularly familiar; all have contributed invaluable 
aid in the developments recorded. 

We are also greatly indebted to Mrs. Anna B. Curtiss for her steady per- 
severance, over a period of years, in preparing this manuscript for publica- 
tion. Her careful and arduous work in checking the tables and bibliog- 

* Sor: I. T.ftr.KJTrs'sfr, CoW, Spring ffarh/r Spnijumin on Qu/irUUalw. fiwloffu, 6. Hi (1038) 

I 'Mu: iilirMC urc «if \i\\ , ijp to 1034 \u ftovfi vd in Uu- rnmioKnipli hy E* A, Abramson, “KlcHitrokineUc 
N«:w VmIi, C'lieirn (’nt, Co., (Utiinholtl I'ubliiihintf Corn,) 1034. More rocont developmental 
liro wi:li i.-i «l :,*'inpo;uiirn puljHuhed in ihf .4 York Acfvltunij of Scicncr.H, Volume 

rip. lO.V ‘Ji'i ii.riu >ivr. bee aluo Ahrarnrioii, II ■. .V-.ye. !! '' and Coriii, .M. H., "JOlentmiiliurefiis of 

Proteins'’, Keinhoki i^w/lisliinK (.hji rn, New Vorlv : \ i In vorth, L. fk. ('-hern, llev., .M), 323 f 11)42) 
t Seo, foriMtanoe. Strauin U., rind Cohn. K. J.. J. Arn, Chem. boc., 57, 1794 (1936): Beatohaid, G,, J, Chmn, 
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raphy, the text and figures and in reading the proof has been an indis- 
pensable aid. 

The junior author is greatly indebted to the John Simon Guggenheim 
Memorial Foundation for a fellowship which permitted him to work at 
the California Institute of Technology during 1940 - 41 . During this 
period he wrote or revised large portions of the present work and profited 
greatly from discussions there with members of the staff, particularly with 
Linus Pauling, Carl Niemann and Robert B. Corey. 

The continued support of the Rockefeller Foundation over a period of 
years, given without defining the project in advance, has permitted the 
natural development of these investigations. Freed from the necessity 
of considering immediate practical applications, it was possible for a group 
of investiptors to make the excursion into the chemistry of protein proto- 
types which forms the background of this book and which, in turn, we 
hope may yield a deeper understanding of the proteins. 


Harvard Medical School 
Boston, MasaacKiisetis 
December! IHl 


Edwin J. Cohn 
John T. Edsall 
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By Edwin J. Cohn and John T. Edsall 


Molecules are of several widely different types. At one extreme are 
very volatile, non-polar substances, such as the rare gases and the aliphatic 
hydrocarbons; at the other are the totally ionized salts such as sodium 
chloride, consisting of ions which migrate in an electric field, and exert 
intense electrostatic forces on their neighbors. Intermediate between 
these two extremes is the great class of polar molecules. A polar molecule 
does not give rise to ions capable of migration in a uniform electric field; 
but because of its polarity it does tend to orient itself in such a field. Polar 
molecules also exert more powerful attractive forces on their neighbors 
than do non-polar molecules; correspondingly, they are less volatile and boil 
at a higher temperature than non-polar molecules of similar size. Alcohols, 
amines, esters, ketones, nitriles, organic halogen derivatives — indeed the 
great majority of organic compounds, apart from the hydrocarbons — are 
polar molecules. So also are a large proportion of inorganic molecules. 

Among the compounds which ionize in water there are two great classes — 
the strong electrolytes, which are completely ionized in water, and the 
weak electrolytes, which at moderate concentrations are only slightly 
ionized. Relatively few electrolytes are in the class which is intermediate 
between these two extremes. Trichloroacetic acid, phosphoric acid (con- 
sidering only the first step in its dissociation), and the HSOj" ion are exam- 
ples of such electrolytes of intermediate strength. 

Polar molecules also fall into two great classes, one class having rela- 
tively low, the other extremely high, electric moments. The former 
includes those groups of substances already mentioned — the alcohols, 
amines, esters, ketones, nitriles and the like. These compounds are rela- 
tively volatile, and the intermolecular forces are not very intense, although 
far stronger than between non-polar molecules. The second class of polar 
molecules includes aliphatic amino acids, peptides, proteins, betaines, and 


certain phospholipids. Typical compounds of this class, for example, the am- 

* ” ’ 1- Afi , xt-. «... rtriiltr 
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polar solvents^ and are relatively far more soluble in water or in salt 
solutions. Many of them, for instance glycine, betaine, |5-alanine, e-amino- 
eaproic acid, and the albumins, dissolve in water to form extremely con- 
centrated solutions, In short, even though they are electrically neutral, 
they display many properties which render them akin to the totally ionized 
salts. When dissolved in water, they give solutions of dielectric constant 
much higher than that of water itself; whereas almost all ordinary polar 
molecules, when dissolved in water, decrease the dielectric constant. 

All these phenomena indicate that such molecules must be surrounded 
by very intense fields of force. Their kinship to true ions has led to their 
being termed in German ZwiUerionen, and, in English, dipolar ions, 
We shall use the latter term to describe them throughout this book.^ 

The quantitative index of the polarity of a molecule is its electric mo- 
ment (Chapters 6, 12, and 22). The order of magnitude of the moments 
to be expected in simple molecules may be readily estimated. Consider a 
proton and an electron, both carrying a charge of magnitude 4.8 X 10^^^ 
electrostatic units, separated by a distance of one Angstrom (10“® cm,), 
m moment of such a system is the product of charge and distance. In 
this case rt is 4:8 X 10-i» X 10-» = 4.8 X 10-« e.s.u., or 4.8 Debye units. 

1 are not dipolar ions possess electric moments 

smaller than this. The electric moments of water and the alcohols are 
wmewhat less than 2 Debye units, those of ketones near 2.7, those of 
mtnies and oi^amc nitro compounds between 3 and 4. On the other 
hand, glycme. -^HaN-CH.-COO- the simplest of the dipolar Ls ha^ 
dectnc moment of approximately 15 Debye units. This value may 

magnitude of the charge on the ammonium 

fb studies (Chapters 8 and 14) to b; 2rll! 

of the same sort lead v i. ™®asurements 

pnmoeaproic acid, gWlglycine, peptife ^ 

special group, with properties- for whicrthertre^r ^ 

^ All dipolar i„„, b, ^ 
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ions carrying a net charge. Thus glycine in acid solutions is converted 
into the cation +H 3 N’CH 2 *COOH 5 and in alkaline solution into the anion 
HsN *0112*000“”. Protein molecules, carrying great numbers of acid and 
basic groups, can form a great variety of ions of differing net charge. The 
study of acid-base equilibria, which determine the relative amounts of all 
these ions and dipolar ions under given conditions, is therefore funda- 
mental to the understanding of the properties of molecules of this class 
(See especially Chapters 4, 5 and 20). 

That isoelectric amino acids and peptidcvS exist as dipolar ions in solution 
is revealed with particular clarity by studies of Raman and infrared spectra 
(Chapter 2). There is scarcely a property of these molecules, however, 
which is not conditioned by their dipolar ionic structure. Their solutions 
in water show higher densities, and smaller heat capacities, than those of 
most similar organic compounds, These effects are presumably due to 
electrostriction of the solvent, produced by the charged groups of the 
dipolar ions (Chapter 7). Owing to their great electric moments, they 
give solutions with the highest dielectric constants yet known (Chapter 6). 
For example, the dielectric constant of a saturated solution of e-aminocaproic 
acid is prolmhly near 300, and other dipolar ions can be prepared which 
should give values well above this. The production of media with dielec- 
tric constants of this magnitude opens a new field of research in electro-^ 
chemistry. The biochemical implications of these phenomena may be 
far-reaching, since all living cells contain proteins in concentrations suffi- 
cient to affect greatly the dielectric constant within the cell. 

The thermodynamic properties of dipolar ions, owing to the charged 
groups which they contain, are profoundly affected by the electrical proper- 
ties of the surrounding medium, in particular by the concentration of ions 
present, the valcmce ot the ions, and the dioleetric constaxit of the solvent. 
The thermodynamic relations involved, and the principles of the simpler 
electrical interactions, are treated l)y Hcatcliard (Chapter 3). The thermo- 
dynamic properties of model stmetures corresponding closely to actual 
dipolar ions are presented in detail by Kirkwood (Chapter 12). We have 
devoted several chapters to the consideration of solubility studies, and of 
other methods of determining activity coefficients of amino acids and 
peptides (Chapters 8, 9, 10, U). The comparison of experiment and 
theoi'y for simple dipolar ions in thesx^. chapters forms an essential pre- 
liminary to the consideration of similar studies on proteins (Chapters 23 
and 24). 

That some molecuk^s must be dipolar ions was first inferred l)y Bredig- 
in the case of betaine, and by Kiister^ in the case of the acid (red) form of 
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methyl orange. For a long period, however, it was not realized that a 
structure of this type should be assigned to the aliphatic amino acids. 
The structure of isoelectric glycine was traditionally formulated as 
CHs* COOH, and the state of the amino and carboxyl groups in other 
isoelectric amino acids and peptides was expressed in the same manner. 
In 1915 E. Q. Adams^ pointed out that the dissociation constants of the 
amino acids were inexplicable except on the assumption of dipolar ionic, 
structure; but his views did not at the time receive the attention they 
deseiwed. In 1922 Pfeiffer® showed clearly, from steric considerations and 
melting points, that the betaines must be dipolar ions, and inferred that 
the amino acids must possess a similar structure. Independently of 
Pfeiffer’s work, the masterly analysis of Bjerrum® brought to a focus all 
the evidence then available. Bjerrum pointed out that in the amino acids 
an equilibrium must exist in solution between a dipolar ion of the structure 
+HsN‘CH 2 *COO- and its isomer HzN-CH^-COOH. He showed that 
in the aliphatic amino acids, the dipolar ion is the form almost exclusively 
pmsent. The appearance of this classic paper marked a new epoch in the 
history of this field. Bjerrum’s conclusions were confirmed and extended 
by workers in many other laboratories; measurements of dielectric con- 
stants and of Raman and infrared spectra furnished the most striking of 
all the^ proofs for the theory; and the dipolar ion concept has now been 
recognized as fundamental to the understanding of the behavior of amino 
acids, peptides and proteins. 


X he first part of this book is devoted to the simpler dipolar ions — amino 
acids, peptides, betaines and phospholipids; the more complicated questions 
^ ansing in the study of the proteins are treated in the second part. In 
many respects, however, we have approached the study of proteins from 
h^ame standpoint adopted in dealing with the amino acids and peptides. 
The structural pattern of protein molecules is not known in detail 

hydrolysis (Chapter 15). 

Lolved S “ It" are still 

unsolved. Even concerning the size of protein molecules no accurate 

onme^t nf 1 h u coefficients, and the devel- 

opment of the ultracentnfuge, has placed our knowledge of the Z 

protein molecules upon a firm foundation (See Chapters 16, 17 18 19) 

Proteins are highly Specialized molecules; the generZdemel in ih 



INTRODUCTION 


6 


to adapt them to their biological function, giving molecules very different 
in size, shape and chemical composition. Protein molecules may be nearly 
spherical, like egg albumin and hemoglobin; they may be very thin elon- 
gated structures, such as the fibroin of silk, the keratin of hair or wool, and 
the myosin of muscle. Knowledge of the shapes of protein molecules is 
today less exact than knowledge of their sizes, but evidence concerning 
shapes is now available from several independent methods of measurement. 

For proteins in the solid state, x-ray diffraction studies (Chapter 14) 
provide the most important information concerning molecular shape. 
For proteins in solution, the available evidence is derived from sedimenta- 
tion and diffusion measurements (Chapters 18 and 19), determinations of 
viscosity and double refraction of flow (Chapter 21), and dielectric constant 
measurements carried out over a wide range of frequencies (Chapter 22). 

The very great solvent and precipitating action of salts and organic 
solvents on proteins, and the interaction of one protein with another, are 
largely determined by the charged groups carried by all protein molecules. 
Qualitatively the phenomena are similar to those noted in solubility studies 
on the amino acids and peptides. Quantitatively the effects found in 
protein systems are vastly greater. This is a natural consequence of the 
great size and large electric charge on protein molecules. 

The migration of proteins in an electric field, or electrophoresis, has been 
of fundamental importance in their study ever since the work of Hardy 
more than forty years ago. The relation of the electric mobility to the 
charge carried by the molecule, however, is difficult to formulate, and 
many points in the theoiy have remained obscure. The underlying theory 
is critically examined by Professor Mueller in the concluding chapter 
(Chapter 25). 

The structure and the functions of the proteins in the living cell are multi- 
form. Among proteins are included the carriers of oxygen to the tissues; 
the structural elements of muscle fiber, which are responsible for its con- 
traction; the carriers of immune reactions in the blood; hormones, such as 
insulin and the pituitary hormones; bacteriophage; and many at least of 
the viruses of plant and probably of animal diseases. Such enzymes as 
pepsin, trypsin, chymotrypsin, carboxypeptidase, urease, catalase, and 
the protein components of certain dehydrogenase systems, have all been 
isolated as crystalline proteins; and the exploration of this field has only 
begun. 

In addition to protein dipolar ions, phospholipids arc essential compo- 
nents of all cells, and their function is particularly prominent in the brain 
and nervous system. These phospholipids differ in structure, but all 



6 


PROTEINS, AMINO ACIDS AND PEPTIDES 


presence of large fatty acid radicals in these molecules, along with the 
charged groups which make them dipolar ions, gives them a strong attrac- 
tion both for fatty solvents and for water. These properties must be 
intimately related to their function in the cell. 

The study of the physical chemistry of hemoglobin has revealed with 
particular clarity and beauty the relation between the chemistry of a 
protem molecule and its specialized biological function. As other proteins 
become better known, we may confidently expect that 'similar and equally 
specie adaptations will be revealed. The investigation of this border- 
line Imtween chemistry and biology must lead ultimately to the discovery 
0 im er ying relations equally fundamental for both sciences. 



Part I 


Amino Acids and Peptides 




Chapter 2 

Spectroscopy and Dipolar Ionic Structure 

By John T. Edsall 

By the uptake of energy from their surroundings, molecules may be set 
into rotation or vibration, or may undergo electronic transitions. Spectro- 
scopic data furnish the most direct evidence concerning the alterations of 
molecular energy involved in such changes of state, since the spectroscopic 
frequencies observed are directly proportional to the energy changes. 
Thus the ionization of a certain group within a molecule is always accom- 
panied by changes in the molecular spectrum, which in general are highly 
characteristic of the group involved. If a neutral aminocarboxylic acid 
exists as a dipolar ion, both the amino and the carboxyl group are ionized. 
The charge on one group can be removed by adding acid, on the other by 
adding alkali. Thus by studying the spectra of the free amino acid and 
its acid and alkaline salts, and comparing them with the spectra, of amines, 
carboxylic acids, and their salts, the state of the isoelectric amino acid may 
be deduced. 

Vibrational Spectra 

The spectra giving the most useful data on this point are infrared and 
Raman spectra, arising from molecular vibrations. Such vibrations are 
very closely related to the structural pattern of the atoms in the molecule, 
and to the strength of the bonds between them^. We assume that the 
forces between atoms linked by a chemical bond obey Hooke’s law— that is, 
when the atoms are displaced from their equilibrium distance n , by an 
amount r — ra, the restoring force, /, is proportional to the displacement; 
/ » Fir ~ ro), where F is the force constant of the bond (generally expressed 
in dyne/cra.y This is in general true only when r - ro is small compared 
to ro ; but in most cases that arise in practice it is a good approximation. 
Thus a diatomic molecule, made up of two atoms with masses m and M, 
vibrates with only one fundamental frequency r » (l/2Tr}-\/F/ix where m 
( the “reduced mass”) is given by the relation 1/n - (l/m) -f (1/M). 
The ereater the force constant. F. of the bond, the higher the frequency 
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triple bonds. Thus there is a fairly close proportionality between F and 
the character of the faondl 

A bent symmetrical triatomic molecule (Mm), such as water, has three 
types of fundamental vibration (Fig. 1). The system is characterized by 
the ma^es M and m, the distance r between M and either of the m^s, and 
the angle a. If either r or oj is altered, restoring forces come into play, 
and tend to resist the deformation. We may approximately describe the 
system in terms of a force constant, F, for the valence bonds (similar to 
at for a diatomic molecule) and one for the deformation of the valence 
angle. ^ Two of the fundamental frequencies (vi and v^) (Fig. 1 ) involve 
primarily an alteration in the length of the valence bond. In the two 
a oms m move in and out together, and the vibration is symmetrical; in 
ps , one atom m moves in toward M while the other moves away from it; 
tue vibration is antisymmetric. In the third frequency, $, the valence 
^gie IS deformed by a symmetrical oscillation of the two atoms w, the 
<^tance being rehtively Uttle altered by the vibrafion. Experience 
Shows that this deformation frequency is considerably lower than vi and 1.5. 



mentaUypes^f'vlbrati^ its funda- 

f “ tadamentally siinilat, but 
m, u, complex mok^C T ‘‘ >» ‘omi «.» 
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amount, however, is scattered in other directions by the molecules of the 
medium. If this scattered light is examined in a spectrograph, the original 
frequency vo is found in high inten-sity. In addition, however, a series of 
other frequencies vo - vi, vo - rj appears. The frequency shifts, n, rz, 
etc., are characteristic of the molecule which produces the scattering, and 
independent of the exciting frequency vo. They are in fact vibrational 
frequencies of the molecule, and those commonly found among organic 
compounds lie in the range 150 to 4000 cm“‘ “. Some "Vepresentative 
Raman spectra of carboxylic acids and their salts, and amino acids and 
their hydrochlorides,, are shown in Fig. 2. 
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Figure 2. Raman frequencies of fatty acids and amino acids. The Raman fre- 
quencies are plotted in reciprocal wave lengths (cm"*} . The height of each line is 
roughly proportional to its relative intensity. From Edsall, J. T., Cold Spring 
Mawor Symp. Qiianl. Biology, 6, 40 (1938). 

In the interpretation of such vibrational spectra, one major point should 
be indicated here. Only molecules or groups bound by covalent linkages give 
rise to Raman or infrared frequencies, in the range with which we are concerned. 
That is, only such groups are capable of entering into molecular vibration; 
when atoms are attached only by electrovalent links, there is only general 
electrostatic attraction, not a definite link directed in space, and the con- 
ditions for a vibrating system do not exist. This has been shown both 

' Tht "wave nmiilicr" oi rcciurdcal wave length {In am"«) is now generally as Oio moat oonyenlont 
nriiutical mensuic of in lijjwljfj'rcoijy. Pin* tt .iO if by milltiplyinfC 

wave number by C. the veloeitv of liKht. in om/wi I em * X h Mulfciplymg the frequency by 

m II .'ll ff rr lit . - ..... 1 ..... 1 ■ •'il'.'l I I'l ' .4 Unf /'i iifi Vi f II m 
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experimentally^ and theoretically. Thus sodiunf chloride in water gives 
rae to no Raman lines at all; sodium and potassium acetate give rise to an 
1 enticai spectrum which is the spectrum of the acetate ion, Likewise the 
spectrum of the hydrochloride of an amino acid, such as glycine, is the 
pectrum of the amino acid cation; the isolated chloride ion plays no part 
in t observed vibration, except that the exact value of some of the fre- 
quencies may modified because of the electric field produced by an ion 
xn the neighborhood. 

The Ionization of the Carboxyl Group 

The spectra in Fig. 2 show many features, but one is predominantly 
^ carboxyl group. This is the powerful line near 1730 

‘ ^<>™d in all un-ionized carboxylic acids, including the hydro- 

chlorides of all the amino acids^^ A similar frequency is found in all 
XU ecules containing a C-=0 group, such as esters, aldehydes and ketones 
c L n any given type of compound, its value is almost completely 

Tabltj L Inplubnc® op Various Substituents on the C=0 Frequency 
A cid ^ c^mcox 

A3|x=8ifffST’:::: S S •“ “ 

KterkSS’ I i “ ™ ™ 

■ ™ I S IIS S 

Aldehyde, X—H JJff 1790 — 

independent of the length of the attached hydrocarbon chain R Tt m«v 

res'tTSe 

stress 

j” Pure anhydrous fattv acid^ .. r , ' * ■ ‘ 22 , 161 
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to hold for a great variety of carboxylic acids, and no exceptions to it, are 
known**. 

The isoelectric monoamino-monocarboxylic acids show no frequency in 
this range, although their hydrochlorides show it strongly. This is definite 
evidence that the carboxyl group in these amino acids is ionized; in other 
words, that these amino acids are dipolar ions. Similarly, the hydro- 
chlorides of the dicarboxylic amino acids, aspartic and glutamic acids, show 
intense Raman lines near 1740. In their monosodium salts, both carboxyl 
groups are ionized, and no line in this neighborhood is present. 

The ionized carboxyl group not only shows no frequency near 1700, but 
it does give rise to one or more definite and characteristic frequencies in a 
lower range, near 1400. The appearance of such frequencies is particu- 
larly clearly demonstrated in malonic acid and its salts (Fig. 3). 


cm: 


r1 


400 M0600700800900IOOOIH)OtZOOI300 1400 1500 1600 (300 


HpOOH i ; * 

m/ \:ooh 1 1 I 

. ^ 

« 

c»o 

H\yC00H 1 

H^OO- __ 1 1 1 1 

. 1 1 


tWf 

1 1 

1/ V:oo” 




__ i _ 


i 

Dy<X)00 

CF'COOO 


J 

I 

MI? 

\ T 1 


n 

Oyccxr 

j/\ocr 

! L-J 1 1— _ 

J 

, OaO? 

-J 1 


L_ 


Figure 3. Raman spectra of malonic acid, malonic-dj acid-dj and their sodium 
salts. A broadening at the base of a line in the figure indicates that the Raman line 
is broad. From Cold Spring Harbor Symp. Quant. Biol., 6, 40 (1938). 


Malonic acid shows a powerful 0=0 frequency at 1738. In mono- 
sodium malonate, the C==0 frequency falls slightly to 1730, and is much 
lesjs intense, while a new strong line appears at 1372. In disodium malo- 
nate, the 1730 line is completely gone, and a second new line at 1439 has 
appeared. 

The line near 1412, present in the un-ionized acid and both its salts, is 
unaffected by ionization. The latter lino arises not from the carboxyl 
group, but from the CHt group. It appears to be duo to a symmetrical 
deformation of the CHj group, similar to the frequency 5 for the triatomic 
molecule shown in Fig. 1 . This line vanishes completely from the spec- 
trum when the hydrogen in malonic acid CH 2 (COOH )2 is replaced by 
"deuterium to form CD 2 (COOD)j (Fig. 3). Instead, there appears a line 
of similar intensity at 1050, the frequency being depressed because of the 
greater mass of the deuterium atoms**. On the other hand, the vibrations 
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arising primarily from the carboxyl group are only very slightly affected 
by deuterium substitution, the change, being of the order of 1%, 
The frequencies characteristic of the CHj group are almost unaffected by 
ionization, but profoundly lowered by deuterium substitution; while the 
converse is true of the lines arising from the carboxyl group (Table 2 ). 

These observations show two facts; (1) The ionized carboxyl group 
gives rise to strong Eaman frequencies near 1400 cm"‘, and (2) other fre- 
quencies in the same range may arise from CHj or CH 3 groups. The 
latter frequencies are greatly lo wered by deuterium substitution in the CHj 
or CHs group; the former are almost unaltered. Thus the two classes of 
frequencies may be readily distinguished. 

Extensive study indicates that a frequency near 1400 is as character- 
istic of the ionized carboxyl group as the frequency near 1720 is of the 


T.4BI.E 2, Some Raman Lines Chakactebistic of the — CHj, COOH and COO- 
Gsodps in Malonio Acid and the Anions of its Salts 


Molecule or Ion 
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w(CH«) 
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2943 (6) ^ 

2947 (6) 
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2153 (5) 

3003 (3) 
2987 (1) 

' 2984 (2) 
2258 (3) 
2238 (3) 




U17 (4) 
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1413 (6) 
1050 (4) 
1054 (4) 
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/136I 
11439 (fi) 
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Table 3. Effect op loNfzATiON of the Cabboxyl Group on Some Raman Fre- 
QUJ3 NCIES IN THE EaNGE 1300-1740 
(Numbers in parentheses after frequency values indicate relative intensities of the lines) 


Substance 

Acetic acid 

Form 

R.COOH 

E.COO*" 

COO- 
group (f) 

1370(1) 

*^1347(213) 

COO- or 

CHa group 

n413(6b) 

CHa or 

CHa group 

1436(2) 

COOH 

group 

1720 (4b) 

Propionic acid 

E.COOH 

E.cocr 

/*1300(2) 

ln368(l) 

1424(3) 

*1417(4) 

1469(3), 

1464(2) 

1719(2b) 

Malonic acid 

E(G00H)2 

/GOGH 

E 

n372(5) 


1417 (4b) 

1408 (5b) 

1738 (8vb) 

1730 (2b) 


CX)0- 

E(CX)0'”)2 


*1439(6) 

1413(6) 


Malonic^dsacid'd^ 

R((K)0D)2 

E(COO-")i 

1360(1) 

n367(4b) 

*1427(7) 

1050(4) 

1054(4) 

1719 (7b) 

Glycine 

E.COOH 

E.C^OO- 

1315(2) 

n3Bi(3) 

*1412(3) 

1430(3) 

1743 (3vb) 

Alanine 

R.GOOH 

11,000-“ 

1366(0) 

n358(2) 

*1416(2) 

1460 (2b) 
1467(2) 

1738(2vb) 

a-Amino-ndnityric 

acid 

E.GOOE 

E,COO' 

1363(1) 

n358(4) 

*1413(3) 

1450 (4b) 
1459(3) 

1746 (3 vb) 

a-AminoiBobutyric 

acid 

E.GOOH 

R.CX)0"- 

1359(0) 

n374(3b) 

*1411(3) 

ri462(3b) 
\1467(2l)) 
/ 1444 (2b) 
\1466(3b) 

1729(Jb) 

Barcosine 

E.GOOH 

liXXK) 

1284(1) 

n320(3b) 

1429(2) 

*14()8(6b) 

1464(3) 

1468(4) 

1732(lb) 

Betaine 

R,GCK)II 

K.(t)0' 

1337rj) 

*^1335(2) 

1419(i) 

*1403(2) 

1453(4) 

1463(2) 

1761 (lb) 


R.CXlOli 

R,<X)0“ 

1328(2h) 

1338(1) 

1413(3b) 
*14 10 (5b) 

1472(lb) 
1471 (« 

1730 (4b) 

^^Aminobutyric acid 

R.(X)0!1 

E.GOO 

1380(2b) 

iseocij 

14)9(2) 

*1408(7b) 

1461(4) 

1457(8) 

1726(4vb) 

Aspartic acid 

R,(C!(K)H)s 

ti,{(XK)l2 

1376(|i) 
/♦ISSIXI) 
i *1355(2) 

*1411 (5b) 

1418(1) 

1743 (4vb) 


Glutamic ar-id E.tCOOH), s 1730(4vl.) 

The (lata in thi?i table are taken from Kd^all, J. T,, J. Ch(mi. Phymes^, 
and J, Clutm. Phynim, 5: tm ( 1037 ). “Id' ta xiHud to chmote a broiul, vb a very 
broad line. AtiteriBk« are uned to denote lintm probably anBmg in lar^ce part from 
the immd earboKyi group. ThoHo often overlap with iiiujH ariBirig primarily from 
the or Clla i£r(#ut>. and HoinetimeB can be dintinguiHlieil only by the great increase 


toe tmizca carooxyi gronp. loowt uti«u 

the (Tft or (TI| gn^upj and Hoinetirnes can be distinguiHlical only by the great increase 

in interim tv of IticHe lines on ionifAtion of the carhcjxyl ^roup. _ ^ 
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gure 5, Raman spectra of the ions derived from hydrazine. S 3 mLibols as in Figure 4. From Edsall, J. T., and 
inbergj H., /. €hem, Fhys.^ 8> 5^ (1940). 
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gure 5. Raman spectra of the ions derived from hydrazine. Sjonbols as in Figure 4. From Edsall, J, T., and 
inbergj H., Ckem, Phys., 8^ 520 (1040). 
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large number of primary amines at 3313 ± 10 cm the 

frequency at 3367 ± 15 cm-^ These, vibrataonyppear to ^se^n 

marily from the N-H valence bonds m the NHj 

amines show only one line in this range, at about 3340, an er 

show none at all. These N-H vibrations are very intense, and are prw 

tically unchanged in frequency or intensity by solution of the 

water*®. Glycine ethyl ester shows two such N— H frequenci^ w 

usually high values: 3328 and 3408*'. The increased value 

quencies is probably due to the polar influence of the adjoining - 2 8 

group. , .. 

, When the hydrogen of the -NH 2 group is replaced by deutenunijits 

characteristic frequencies are depressed to a very marked extent. 0 
lines at 3322 and 3382 in CH 3 NH 2 shift to 2450 and 2527, respectively, m 
CHsNDa^^; while a set of lines near 1400 and near 2900, arising from 
the methyl group, is unchanged. Also hydrazine monohydrochloride 
(HsN-NHs'^Cr) gives a strong Eaman line at 3309 (15), while D 2 N' 
NDs'^Cr gives a corresponding line at 2410^^’ (Figs. 4 and 5). 

On ionization of the amino group, these frequencies disappear. They 
are replaced by much broader and weaker frequencies, which in the hydro- 
gen compounds lie in the region between 2700 and 3200 cm \ and in the 
deuterium compounds lie near 2200 The rather weak and diffuse 

character of these lines due to the ehatrjged ammonium group differentiates 
them strikingly from the sharper and more intense frequencies arising from 
the uncharged amino group, and the fact that their frequency is consider- 
ably lower indicates a weakening of the N — H bond in the alkyl-ammonium 
ions as compared with the uncharged amines. 

Thus in H 2 N there is a rather weak and very broad Kaman 

line at 2980; in •NHs’^Cr there is a similar line at 2175. Here agam 
the ratio of the two frequencies is 1.371, as for the lines arising from the 
-NH 2 and -NDj groups. These lines, however, arise from the cMrgd 
and -NDs'^ groups, as is shown by a study of the methyl am- 
monium chlorides, CHa-NHs-^Cr and CHaNHs'^Cr^’^ (Fig. 6 ). Botli 
these compounds contain a set of four strong Ramandines— 2833, 2914, 
2975 and 3032 — which are unaffected in position and intensity by the sub- 

I* Kohlrausch, K. W. F., Monaiahe/le/. CAem., 68. 349 (1936). 

Princip^ Raman bands of water, which lie in the 
rar^ 3200-3600. overlap with these ammo group frequencies. The water bands, however, are very bmM 
froauenciee are very intense and narrow, so that there is no difeculty hi diS 

The decree m fr^uency on liqurfaction is due to interaction between neighboring amino itroum in tU 
Jiquid. which lowers the strength, ol the N-H bond through 
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stitution of deuterium for hydrogen in the ammonium group. These lines 
must therefore be due to the methyl group. CHg-NDs’^Cr, however^ 
shows a weak diffuse line at 2180, corresponding exactly to the line at the 
same position in D.N • NDg'^CF. The corresponding line in GE, • NHg ‘^CF, 
which should appear at about 2980 , is covered up by the very strong 2975 
line arising from the methyl group. Here again, as in the study of the 
CHs and COOH groups in the malonic acids, the value of deuterium suhsti- 
tion is apparent in revealing types of vibration which would otherwise be 
undetected in the observed spectrum. 

The Raman frequencies of the group have been revealed with 

particular clarity by the studies of Ananthakrishnan^® on the spectra of 
crystal powders. Crystals of hydroxylamine and hydrazine hydrpchlorides 
show a large number of frequencies of this type, most of which cannot be 
tound in aqueous solutions of these substances. Probably the very large 
number of these lines is due in part to the perturbing influence of the 
Jectrostatic forces between the ions in the crystal lattice, with resulting 
defomatioa of the +NH 3 OH and +H 3 N-NH 3 + ions, and the production of 

many types of slightly different vibrations. 

meIhod‘?-“»>'^“F“ studied by the same 

,• ‘-Tliere are, however 

tibraSofthp SOO^which probably arise primarily from 

and 311 'I em-^ l“es, at 2592, 2870 

nd 3113 cm (the last mentioned is the strongest of the three) These 

correspond closely m position and appearance to the vibrations charac- 

Stic of the charged - NH 3 + group. Lines characteristic of the uncharged 

rr “ 

Ip"""* poip. ..d ~n,rr" 

glycimte Mid sodiUm solutions of sodium 

3320 chTdctoiistio of the unchMjr!Na“lwS'T“-“ 

electric ammo acids, on the other hand oL group . -ijjg 

quency in this range. The -NH + frem, ^ '^*cation at all of a fre- 

amino acids is undoubtedly present but isTev isoelectric 

ion) bv tl.e i;.„ ^ “^e^^ed up (as in the CHaNH,'" 


ion) by the..trongiin;of th;;:;;r' ^ < 

group. When the hydrogen on 


isor-ca 


group in glycine is completely 
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replaced by deuterium, however, and the isoelectric amino acid is then divS- 
solved in D 2 O, the weak broad characteristic frequency of the charged 
group near 2180 appears unmistakably, with no evidence of the 
-ND 2 frequencies near 2450 and 2520^^ Thus the Raman lines due to 
the ammonium group in isoelectric amino acids are completely in accord 
with the electrically charged character of a dipolar ion, and would alone 
furnish adequate proof of this structure. 

Other applications of Raman spectra to the study of the amino acids are 
given in reference 7. 

Infrared Spectra 

Evidence concerning the structure of the amino acids may be furnished 
equally well by infrared spectra, and important papers on this subject have 
been published by Freymann, Freymann and Rumpf^ who have shown 
that primary and secondary amino groups, in the uncharged form, give rise 
to absorption bands in the region near Sfx (3300 cm”“^), and that these 
absorption bands vanish when the nitrogen acquires an additional proton. 
Similarly, the sodium salts of glycine and taurine show strong absorption 
bands near 3/x, which vanish in the free amino acids. This also, therefore, 
provides unequivocal evidence for the dipolar ionic nature of these sub- 
stances. Further employment of infrared spectroscopy in this field should 
provide valuable information. 

Ultraviolet Spectra 

Carboxyl and amino groups show strong ultraviolet absorption in the 
region 2200-1800 A and probably at shorter wave-lengths. Comparison of 
the absorption of amino acids and their salts with that of carboxylic acids, 
amines and their salts has led to results which can most readily l>e inter- 
preted in terms of dipolar ionic structure^^ The absorption curves are 
somewhat more difficult of interpretation than the Raman and infrared 
data, but lead to the same conclusions. Thus thiee different types of 
spectroscopic study provide evidence for th(^ existence) of dipolar ions, and 
no evidence is found which disagrees with the hypothesis in any way. 

5*' if .T. T. Edsall and H. Bcheinberg, 

“• IC. RumpC P,, /, Pkymm U Bad., (7) 7, 30, 476, 606 (1930). 

Uy, n., MMI 11.. Z. , 1 /. Chem., (B), 17, 177 (193»). 



Chapter 3 

Thermodynamics and Simple Electrostatic Theory 

By GEORaE Scatchard 

Introduction 

Amino acids and proteins react chemically in so many different ways, 
they interact physically with such large forces, and their molecules are so 
large, that the study of their physical chemistry leads to some fundamental 
problems which are not important in the study of simpler molecules, and 
are therefore not discussed in the more elementary books, It is well, 
therefore, to begin with a review of the thermodynamic treatment, of equi- 
librium which goes back to the fundamentals, although many of the details 
of development must be omitted and much must be stated categorically. 
The property which is most important in the study of equilibrium is 
called by Gibbs the chemical potential’ I Its magnitude depends upon 
the units of quantity of the component for which it is determined. We 
shall use the molecular weight as unit, and arbitrarily select any convenient 
formula which represents the composition if the true molecular weight is 
unknown. For many purposes this arbitrary weight serves as well as the 
true one, but it obviously cannot be used to determine any quantity the 
measurement of which would yield the true molecular weight. We call the 
chemical potential per mole the molal chenfiical potential, but we shall 
shorten this to potential when there is no danger of confusion with other 
kinds of potential or with other units of quantity. 

Gibbs says: “In order to arrive as directly as possible at the most char- 
acteristic and essential laws of chemical equilibrium, we will first give our 
attention to a case of the simplest kind. . . . We will suppose that the case 
is not complicated by the action of gravity, or by any electrical influcnee.s, 
and that in the solid portions of the mass the pressure is the same in every 
direction. We will further simplify the problem by supposing that the 
variations of the parts of the energy and entropy which depend upon the 
surfaces separating heterogeneous masses are so small in comparison with 
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the variations of the parts of the energy and entropy which depend upon the 
quantities of these masses, that the former may be neglected by the side 
of the latter ... all the circumstances and considerations which are here 
excluded will afterward be made the subject of special discussion. 

However, many of his important results apply only with the restrictions 
given above, that is, to what we will call a restricted system. Among the 
results which do not apply to unrestricted systems are : 

(1) The phase rule, that the variance of a system is equal to the number 
of components plus two minus the number of phases; 

(2) The ^^Gibbs-Duhem^^ relation between the derivatives of the 
chemical potentials at constant temperature and pressure, 

Xitiidixi 0] ( 1 ) 

(3) The law of ^^Mass Action” as applied to either physical or chemical 
reactions, 

IjiPi/xi = 0 . ( 2 ) 

In these equations is the molal chemical potential of the iTh species, 
n» is the number of moles of that species in the system, and v{ is the number 
of moles of the species which the reaction produces in a phase where its 
potential is fn. The symbol Si represents the summation in which i be- 
comes in turn each species under discussion. For example, in the chemical 
reaction 

(lA 4" hB cE 4" fE 

-a moles of A, -5 moles of J?, e moles of E and / moles P are produced, so 
TfiViiii » bjin 4* 4- /mf 

There is nothing in these equations which requires that the units of quan- 
tity be moles, or that they even be the same for all species, for the dimen- 
sions of ni/ii and PifjLi are independent of the units of quantity, but this 
choice has the advantage of making the Eb small integers or ratios of small 
integers for most reactions and has other similar advantages. We shall 
remove some of these restrictions later, but most of our discussion will 
apply only to restricted systems. We shall always state when a restriction 
is removed, and assume that the system is restricted unless otherwise noted 
except when it seems de8ira))le to emphasize particularly the restricted 
applicability. 

The definitions of free energy, F, the work content, A, and the heat 
content, H, in terms of the energy, E, the entropy, /S', the volume, T, the 
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sent the sums over the whole volume of PdV and {TS/V)dV for each 
infinitesimal volume. They are: 


F ^ E - TS + PV 
A==E-TS = F-PV 
H^E + PV^F+T8 


(3) 

(4) 

(5) 


The Chemical Potential 
The relations which follow, however, apply only to restricted systems: 

JTTI m 1 


( 6 ) 

SdT + VdP + 2i/iidni (7) 
■ ( 8 ) 
(9) 


dE = TdS - PdV + Hmdn, 

dP =dE- TdS - SdT + VdP + PdV 

dA - -SdT ~ PdV + 

dH = TdS + VdP + ^iHidrii 

The chemical potential may be defined from any of these four equations, 
and we mil combine the four definitions in one equation 

(dE/dn,),,y,, =, = {dA/ani)r,y.n (lO) 

The symbol d is used to indicate a partial derivative, and the subscripts 

TheTuLcriprnTr J f differentiation 

e ept constant. So the first definition is an abbreviation for "t-hn 
mo ai potential of the A’th component in a system is the partial derivative 
e energy of that system with respect to the number of moles of tb« 

fluids and unstrained solids, ^ chemical potential to 

the'mdS^^^^^^ - the same as 

for this case but ivill follow Lewis ami R-mlii " 

partial quantity by the symbol for the total auantitrTt^"'l“^ 

and a subscript to indicate the substance wbl * 

suostance whose quantity is varied as 

.. ® shall also find considerable use for the quantity which T • 

- Lewis named 
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in which ak is the activity of the fc'th species and ixl is its potential in a 
standard state in which a* is unity. This is usually chosen as an ar- 
bitrary function of the temperature, and often also of the pressure and the 
solvent in condensed systems. 

The Perfect Gas 

Theory and experiment agree that any gaseous mixture approaches in 
behavior an ideal gas mixture as the pressure is decreased. A simple 
way of defining an ideal gas is to say that for each component 

ixk « RT In Nk + RT In P + Fm (12) 

- RT In Ck + RT In RT 4- Fito (13) 

in which Nk is the mole fraction of the fcTh component, Ch is its 

volume concentration ^/F, and F^o is a function of the temperature. The 
derivation of equation 13 and the commoner definitions of a perfect gas 
from equation 12 afford a good illustration of the application of thermo- 
dynamic methods in a simple case. In each of the following equations 
the first equality represents a general relationship, and the second rep- 
resents the application to equation 12. The first relationship of eciuation 
14 holds for any function which, at constant temperature and pressure, is 
proportional to the quantity of the phase. In the others they follow 


from equations 7 and 3. 

F - « l^MRT In Hi + RT In P + F,.fl) (14) 

V ^ {BF/dP)T.n - ^iUiRT/F (15) 

S - ^idF/dT)p,n - Ni 4- In P + dFio/dT) (10) 

P « p + TS - PF « XMFio - TdFio/dT - RT) (17) 

From 15 we also obtain 

PNk « (RT2ini/V)(nu/^ini) * RTCk 


which shows the equivalence of 12 and 13. Equations 15*, 17, and 13 
are the usual definition of a perfect |;as. 

Real Gases 

The perfect gas laws assume that each molecule acts independently 
of the other moleculcB around it. The fact that all gases liquefy at low 
enough temperatures shows that there are forces of attraction t)etween 
mAUr^nlAR «.Tid the fact that these liquids have a finite volume shows 
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distance of separation that it is possible to represent their effect on the 
|>otential of any component by a series of terms, of which the first depends 
only upon binary encounters, the next includes ternary encounters, etc., 
for ^ the number of multiple encounters in a dilute gas will decrease 
rapidly as the number of molecules involved increases. The number of 
encounters between a specified molecule of the iTh species and a specified 
molecule of the fth species is proportional to 1/F, so the number of 
encounters between any molecule of the Fth species and any of the fth. 
species is proportional to nin^fV, The contribution of these collisions 
to the work content may be taken as The total effect of 

mary encounters is obtained if we let i and j each represent in turn each 
oi the species, which we shall represent by or more 

briefly by Similarly the effect of ternary encounters will be 

represented by or 2i,-k%n<n,VF*. Then the 

equation for the work content becomes 

A = 2.-n.-(if'i0 + ijrinier - ijr + RT \a.ni/V) + 

+ ^ijhSijKni^,nh/V^ + . . . 

bv dSrTnt-f? temperature. We obtain the pressure 

y differentiating with respect to the volume 

P = -(dA/dV)^ = RTZim/V + + 22,vAS.yAn.-n,VF' + • • ■ 

RTXiCi -f + 2l^i^h8ijhCiC/Jh + • • • 

«°th 18 

in tM ’ “>« i. i. ‘-I i must o.«h become t 

» - + Krinsr + srinc. + ztai, + 

+ + 2.a5«aC'<C'a + + ... 

-f'» + OTkAr + sr,„a + 2W,,b38,A„W,+ ... ,20) 

2. - ^ eqimSon is possible because 

S.«, independently. Thus lor a twOHiomp^nrt ” *"*• 

P - me. + C.) + A.c> + + 2,,„CI + 


+ 65m(7iC| + 23 j22C| 


« - >'« + >‘Th.RT+RTixC. + 2t.,C. + 2M;. 


+ 3 «inC? + UuiCiOi 


( 21 ) 
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For a van der Waals gas, jS « (Br6 — a), 5 « RTh^ and each of the 
higher coefficients is obtained by multiplying the preceding one by f>. 
For a one component gas which forms double molecules with the associa- 
tion constant K =« Cd/C% a function of the temperature, if C is the stoi- 
chiometric concentration, Cd the concentration of double molecules and 
Cs the concentration of the single molecules, = -RTK, and d == 4cRTE^. 
These are the simplest physical and chemical pictures, respectively. 
Either could be expressed in a closed form, but the power series shows 
better the nature of the variation at low concentrations. It might ap- 
pear from these expressions that the three types of interaction could be 
distinguished by the relation of the higher coefficients to the since 
the higher coefficients increase the effect of repulsion, leave the effect of 
physical attraction unaltered and decrease the effect of chemical action. 
A more precise study, however, decreases the differences to such an extent 
that the chief distinction remaining is the difference in the sign of the 
first effect from the other two. The difference between the effect of a 
and of K does not depend upon the fact that the first is physical and the 
second chemical but it does depend upon the assumption in the first 
that each molecule of an interacting pair reacts with a third molecule as 
though the other were absent, and the assumption in the second that a 
molecule of an interacting pair does not react with a third molecule at all. 
The first "assumption could hold only for rigid spherical molecules, and 
the second denies the possibility of polymers larger than double mole- 
cules. Either form is obviously too simple, and a precise treatment 
would yield the same result regardless of the method with which it started. 

Dilute Solutions 

In liquid solutions in which one component is in great excess, it is pos- 
sible to treat that component, the solvent, as a uniform medium in which 
the other components behave like gaseous molecules. The potential 
of the solvent may be calculated from those of the solutes by integrating 
equation 1 at constant temperature and prcsstire. If the concentrations 
of the solutes are expressed as moles per unit quantity of the solvent, 
the potential of that quantity of solvent minus its pQtential in the pure 
solvent has the same form as the negative of the pressure in equation 19. 
The molal potential which we use corresponds then to the negative of the 
pressure multiplied by the number of units in a mole. It is customary 
to take the kilogram as such a unit, and to express the concentrations as 
mi, etc. The free energy corresponds to the work content of equation 
and the sum of the chemical potentials of the solutes, each multiplied 
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the gas. If we reserve the subscript one for the solvent and remember 
that the solvent is omitted from the summations, 

P =■ niFit, + - RT + firinn</«i7ii) 

+ + S{jii5,-i»n<n/iA/wJnS + ••• (23) 

to which wi is one thousandth the molecular weight, so tha.t m,- = ni/witii. 
The corresponding equations for the chemical potentials are 

« = + i?rin mjfe + 2Si(3«m< + + • • • (24) 

fii = Fio - Wi{RT-Bmi + + • • •) (25) 

If we coMider the activities, it is natural to define the standard states 
sue at til = Fia and tik = Ff^t. This is equivalent to defining the stand- 
of +h activity of the pure solvent is unity and the ratio 

e activity of a solute to its concentration approaches unity as all the 
codecntrations approach zero. 

to a* M in* + 2(S,/5,VIi:r)m, + 3(S,^, V5r)m.-m,. + • • - (26) 

tooi - + + (27) 

^ ‘^^toe solutions the chief variation of these ac- 
osmXISi?' 1 co^Sicient, y, and the 

to T* - In a* - In = 2(S, VI2T)m,- + 3{lii,yWRT)mtmi 

- 22iBikmi + iSiiDijkimmj +■■• 

<p = = 1 + 22i,*Z)<*)n,)n>m* 

“ 1 + + 2M%^D,tkXa,Xk + • . . (2Q) 

^=2.-^.-.anda;,»,n,/M. 
permissible W^es^^^ompoL? ofTons a 

to solutions of ions The Dehv ih restrictions apply 

tity, to give eiigth or some equivalent quan- 

W . n,WT + S,n.v./BT - 1 + h 
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in which. z< is the valence of the i’th species and I = S.Wizi As we shall 
see later the Debye theory also gives the value of A in terms of the tem- 
perature and the density and dielectric! constant of the solvent. 

To differentiate we note that d\/ljdnk = zt/2Mi«i\// and d-\/lldni = 
-yjll’lnx. 


In 7 ^; ~ -Azk's/l + 2I!iiBik7n^ 
Ji 


•i + ^2S j Cik -f- ^ S,-,- Cii Mi M]^ '\/~i 


-t- SHnjDijkmiMj + (zhijEnkMiMi + ^:SijhEiihmimjmi^ s/l 
^ = 1 ''!— -■ 2,- Ai Zi Xi 4" M'2{j Xi Xj -t- - C, 

"t M 2jijk Xi Xj Xfi ^^Dijti "l~ 2 Eijh\/ 


+ 


+ 


(31) 


(32) 


Although equation 31' is written for a single ion species, it may be used 
only in a sum of ionic potentials, 2 jK ,/«,■, so chosen that the sum of the 
valences, 2 jv jZj, is zero. If there are any ion species involved, there must 
be at least two. In the simplest case there are only two, and there are 
the same number of equivalents of each. If they have charges of op- 
posite sign, both are added together; if they have charges of the same 
sign, one is removed as the other added, always in equivalent quantities. 
The reason for this restriction is that the net charge on the solution must 
remain zero. Otherwise there would be an amount of electrical work very 
large compared to the chemical potential difference and depending on the 
size of the system and its relation to neighboring systems. We will dis- 
cuss this limitation more fully later. 

The quantity I is twice the ionic strength of Lewis and Randall, and 
differs from the ionality, T, in that the concentrations are expressed in 
moles per kilogram of solvent in I, and as moles per liter of solution in P. 
! It is worth noting that the dependence upon the square of the valence and 
! upon the square root of the concentration were both first discovered em- 
j pirically by Mellanby’ in his study of the solubilities of globulins in salt 
i solutions. 


Ideal Solutions 

The above treatment is not adequate for very concentrated solutions 
or for the transfer from one solvent to another, but we can utilize the 
fact that some of the properties of perfect gas mixtures persist in certain 
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nRT and even to the liquid state. For example the vo 
A7, and the heat absorbed, AH, on mixing at constant en^ 
pressure, are often practically zero. It is usually agree a . . 

characteristic is that, at constant temperature and pressure, e 
of any component is given by the relation 


which is equivalent to either of the following 
a* = Nk 


f? 


We apply the term ideal solution to a mixture which has these thre<. 
characteristics. 

The equivalent of equation 33 in terms of vapor pressures was first 
obtained empirically by Raoult. Our present theoretical methods are not 
adapted to settle the question of what the third relation should be in a 
condensed system in which the first two relations hold. We may obtam 
considerable justification for equation 33, though no proof, by consider- 
ing a gas under higher and higher pressures. At very iow pressures a gas 

mixture is ideal If the volumes are additive at all pressures, j AVdP 

is also zero and equation 33 will hold at all pressures However, we know 
that when AV is not zero, it often first increases with increasing pressure 
and then decreases. It is conceivable that gases mix with no volume 
change at high pressures, but with considerable volume change at lower 

pressures, so that AF - aFo = J AVdP ^ 0 though AF = 0. If the heat 

of mixing is zero we know that 


Aff = / [AF - T(dAr/dT}p.„]dP = 0 

If this relation is to hold at aU pressures, it follows that AF = TidAV/dT)p,n 
or that AF is proportional to the absolute temper ature. Except whett 
AF is zero such a relation is contrary both to measurements and to the 
theory of gases, which agree that A F. decreases with increasing tempera- 
|ture. Neither measurements, nor theory are complete enough to prove 
'that AF may not change sign with pressure in such a way that Aff, like 
* AF, may increase to a maximuin and then decrease, perhaps to zero, but 

such behavior does anoear 'VAT’ir imlilrnltr f -l-n n/vw+iniirt 
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to a temperature below the critical temperature at constant pressure, 
and the pressure is then decreased at constant temperature to any value 
above the vapor pressure at that temperature. The conditions for the 
holding of equation 33 throughout this process are that the heat of mixing 
shall be zero at all temperatures from the high to the low and at the high 
pressure, and that the volume change shall be zero at the low temperature 
and at all pressures from the high to the low. 

From time to time it is contended that, instead of equation 33 to define 
ideal solutions, we should have 

RThiCk/Cl (36) 

which is equivalent to a*, = Gh/Cl. The criterion that this shall hold for 
a gas is that the molal volume shall be indepefident of the composition for 
all pressures smaller than that at which the relation is to be applied. 
This means not only that the volume must be additive, but also that the 
molal volumes of all the components must be the same. In fact this same 
condition is necessary if the relation is to hold for all the components at 
any one pressure, for it leads to 

F = + RT In Ci/Cl) (37) 

and the condition that (dE/Snji;)r,/^,n - mm, if E aad ju/t are given by equa- 
tions 37 and 36, is that Z^C^ is independent of the composition. The 
distinctions between equations 33 and 36 become particularly important 
,when small molecules are replaced by large. Most organic molecules 
are several times as large, and most protein molecules are several thou- 
: sand times as large, as a water molecule. So the error of using equation 
" 36 might be particularly large in protein solutions. 

The activity coefficient and the osmotic coefficient minus one of an 
ideal solution, as defined in equations 28 and 29, are not zero but 

lUTi = -In (1 + WiM) - -Wi/M + (wiM)V2 - (wiM)V3 + • • • (38) 

= [In (1 + WiM)]/wiM =» 1 - WiM /2 + (wiM)V3 - -I- . . . ( 39 ) 

For water, is 0.018, so the activity coeflScient is reduced about two per 
cent for each mole of solute per kilogram of water. The effect is not 
large, but allowance should be made for the fact that the coefficients of 
an ideal solution are Bi «« - 101/2 and D/ •=> io?/6. 

Chemical Equilibria 

The most important uses of chemical thermodynamics are the applica- 
o T+ Qrvniion nnf, nnlv to chemical reactions but also 
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arc in equilibrium with respect to the the 

electrolyte solutions there cannot be equihbnu nif S vZ’ = 0 

transfer of a single ion species, but at equilibrium 

Also in the case of a compound which seppates ^ , , v 

solution, the chemical potential of either compon® e 

same as in the solution, but only the sum iiee e , 

. represents the number of moles of the corresponding ^ 

compound. Thus the same solid may be m eqmhbnum mth eit 
two solutions which are not in equilibrium with each other, for eithe 
component may be transferred alone from one solution to the other. 

For chemical reactions it is convenient to combine equation 11 wit 
equation 2 to give 


or 

In a,* - -XiVi^VRT - In K (^0) 

and for solutes it is convenient to make the further substitution 

Inmi ^ In K- l^iVi In ji « In K' (41) 

K is the '^thermodynamic mass action constant’^ It is a function of the 
temperature. It is also a function of the pressure and the solvent as used 
in equation 41, and it may be so in AO. is a function also of the con- 
centration of each solute. It is the familiar mass action constant in 
terms of molalities. Similar eliminations of the deviations from ideal 
solution laws or perfect gas laws give the mass action constant in terms of 
mole fractions, partial pressures or volume concentrations. A convenient 
general method , of treating the components, if there are no gases under 
high pressure, is molality times activity coeiBcient for each solute, vapor 
pressure divided by that of the pure substance for the solvent, partial 
pressure for each gas, and unity for each solid or insqluble liquid. 

One of the important achievements of the Gibbs method is to break down 
the study of complicated equilibria into the study of the chemical poten- 
tials of the individual components. This procedure depends upon the 
fact that the chemical potential of a component depends only upon the 
medium and the conditions, but not at all upon the equilibrium which is 
being considered. Therefore a table of potentials at unit activity at a 
standard temperature is sufficient to determine the equilibrium of every 
chemical or physical reaction between any of the substances whose po- 
tentials are included at that temperature and at such low concentrations 

n-f flTOCOG ori/^ fl^af +l\rtXJ- -rvxnxy . * 1 t 
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ion may be given arbitrarily the value of izero potential at unit activity, 

= 0. Such a tabulation was initiated by G. N. Lewis under the name 
of standard free energies of formation^. The variation of the constants 
with the temperature may be determined if the partial heat contents are 
also tabulated. If these changes are carried over a large temperature 
range, the heat contents must be known over the whole range. It is 
important to treat the standard free energy of a gas or a solute, not as 
the value at unit activity, but as the value at an extremely low pressure 
P* minus PT In P* or the value at an extremely small concentration 
minus RT In m*. Therefore it is the partial heat content at low pressure 
or concentration which must be used. 

The study of the variation of the ordinary equilibrium constants with 
; pressure or with* the concentration of solutes may also be split into the 
variation of the potentials of the individual components, and. may be 
further reduced to the study of the variation of the activity coefficients, 
if we use the term here to include au/Nk^ dk/Pk and dk/Ck as well as dk/mh- 
The changes of activity coefficient with temperature may be determined 
from the partial heat contents relative to those in the standard state. 

It is often more convenient to find the variation of F/T than that of 
F itself.- From equations 6 and 7 and elementary calculus we have 

(dF/dT)p.n H)/T (42) 

[diF/T)/dT],,n - -H/T^ (43) 

{diF/T)/dil/T)],., ^ H (44) 

These equations apply equally to the partial quantities ju*, ttk and S* . , 

“^The Measurement of Chemical Potentials. 

Most of the substances which interest us here are far too complicated 
to be included in a table of standard free energies, but these very com- 
plications magnify the change of their activity coefficients with con- 
centration of themselves or other solutes, and the effect of changes in 
their concentrations upon the activity coefficients of other components. 
These changes are determined just as those for simple substances by 
measuring the change in chemical potential with changing medium. 

!. For a gas, the change in free energy with pressure, as determined by the 
equation (3F/5P)r,n, is large, and the chemical potentials may be deter- 
mined by differentiation. This method is used mostly for one com- 
ponent gases, and mixtures are studied by measuring the change in con- 
centration or partial pressure, PNh, when other gases are added, but the 
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teEtial of the solid or liquid caused by tne cnange in pressi: 
solubility of the other gases may be calculated if necessary. 

equating of the chemical potential in two phases which are in 
equilibrium with^ respect to the transfer of the corresponding component 
IS t e almost umversal method for the study of condensed systems. If 
e cornparison is %yith a gas, it may be made at constant temperature by 
measuring the partial pressures in the vapors in equilibrium with the two 
P ases and calculating the difference in chemical potentials from the be- 
a\ior o the vapor. For many purposes it is sufficient to assume that 
e vapor is a perfect gas, but more refined methods are usually available. 
fKn ^ ^^^P^nsott with a gas njay also be made at constant pressure, and 

vL^f ® of volatile conx- 

SxT potent ZZ “ ‘f^orence between 

af thA K T P “ the gas and in the liquid. This difference is zero 

P"^" he calculated at any oS r 

temperature from the properties of the pure substance. 

= Tj\,jT ,»/T) = T j\m/n)dil/T) (45) 

is, therefore the W of a- ^^^ng pressure. At the boiling point, it 
the difference in constant _ ^*8 change with temperature is 

liquid. CtL ^®P- the 

only upon the 

purposes this difference may be ne^cted t^ 




Mk - Mi ■= {LH/n)(l - lyr*) 


In a» .. _ 1) = ^/n 

,T Tt/ 




RTT„ 


(Tk - T) 


(46) 

(47) 


; of equations 45, 46, tn^r^^Equatio/JT “ *he derivation 

^/n is the difference in heat CMtent n freezing if 

hquid (which is negative) and if fhe 

component, and equations 46 and 47 Zwlt TT Jk>tb 

opacities of the solid and the Sid l'° f ® 

‘haUhe 

■ --I— . 1 --. 
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boiling point elevation and freezing point depression are derived from 
equation 47 by making a series of approximations, the first of which is 
to replace ai by A^i. 

There are probably theoretical reasons for believing that no substance 
has zero vapor pressure or zero solubility in any phase, that is that no 
substance can have zero concentration in a phase which is in equilibrium 
with another phase in which its concentration is finite. There has been 
much discussion of this point in the literature, but no improvement over 
the treatment of Gibbs. He notes that in case the concentration is zero in 
one of the phases in equilibrium, we cannot say that the potential in that 
phase is equal to that in a phase in which the concentration is finite, but 
only that it is not less in the first phase than in the second, and Gibbs uses 
the symbol >: throughout to take oare of this possibility. However, he 
notes that for ordinary substances the potential approaches minus infinity 
as the concentration goes to zero, as is shown by equations 20 and 24. 
So the concentration can be zero only if the behavior of a substance is 
very different from that in phases in which it exists at higher, though 
perhaps still very small, concentrations. Tor practical purposes, how- 
ever, we may consider a substance as absent from a phase if it is not 
present in large enough quantities to be detected itself by the methods 
we are using, or to change the potential of any other component beyond 
I the precision of our measuring it. There are certainly very many cases 
I in which the concentrations are below this practical limit. 

' “I .We are not able to study either the vapor pressure, the boiling point 
OT the freezing point of an amino acid or protein, and we are limited to 
the study of the effect of changing the medium upon the solubility, that is, 
upon the concentration at which the chemical potential is equal to that of 
the solid. It is possible, however, to use equation 1 to calculate the’chemi- 
cal potentials of these solutes from the potentials of the solvent measured 
by its vapor pressure, boiling point elevation, freezing point depression or 
osmotic pressure. The last method will be discussed in detail more con- 
veniently later. Equation 1 is not convenient to use directly, for the 
chemical potential goes to minus infinity at zero concentration. This dif- 
ficulty may be avoided by subtracting the ideal solution term before 
integrating. If the solution has more than two components, it is neces- 
sary to keep the ratios of the quantitias of all but one constant, and thus 
treat, them as a complex component. We may write equation 11 as 

Mi “ w + RT In a* 
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Dividing by RT(ni + nt), we may write equation 1 for a two component 

system as 

Ni[d In Ni^ din (ai/Ni)] + Md In iVs 4- c? In (ViVg)] « 0 
Since Ni 4 = 1, I^idln Ni^N^lnNi^ 0, so 

Nid In (ai/Ni) 4 N 2 d In (CI 2 /N 2 ) = 0 (48) 

or 

in (az/Nz) ^ din (ai/Ni) (49) 

With the activity coefficient and osmotic coefficient as defined in equa- 
tions 28 and 29, we use the relation 

Ws « 3 *- - WiM/(l 4 WiM) 

to obtain 


din T = d In (ch/M) - - In ilf 

wiM 

Integrating by parts, choosing the constant so that lay = 0 when M >= 0, 
and replacing -(In ai)/wiM by <(>, we obtain 

In y <=■ <p - 1 + [ (ip ~ 1) d\n m = ip - 1 + ( — — dm (50) 

Jo Jo m 

The uncertainty in In y is approxunately twice the uncertainty in <p plus 
the uncertainty in the integration from zero concentration to that of the 
first measurements. Theory is invoked to reduce the latter uncertainty, 
and it is done conveniently by assuming the validity of equation 29 or 32 
in very dilute solutions. 

/ Measurements of boiling point elevation or freezing point depression 
give the osmotic coefficient at the boiling point or freezing point of the 
solution, so the temperature varies with the concentration. The values 
should be calculated to a constant temperature. Moreover, it is often 
importot to know the values of Iny at temperatures other than those 
at which they have been measured. From equation 44 we obtain 

d In y*/d(l/r) = (R, _ Rl)/R (gj) 

d<p/d{l/T) ^ -(Hi- R\)/RM ( 52 ) 

.. n. arp t.he values of R, and Rt when M is zero and 1 is 
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heat contents and not in partial quantities. The heat of dilution to 
zero concentration (H - H"^) is given by 

{H - H*) = 2MHi - Rf) + ni{Ri - Hi) (53) 

The corresponding free energy is given by 

{F - F*) = -SMFi - Ff) + n,{h\ - FI) 

= i?T'[2jn<(ln mi + In yt - <^))] (54) 


we may rewrite equation 30 as 

(i? _ F*)/ET = Sin,-(ln m,- - 1 + Az\ y/l) + 'SunimjiBn + Cij\/l) 

+ XijhnimjmkiDiji, + EuhVl) + • • • 


If equation 55 is to hold over a range of temperature it is necessary that 
(H - H*)/R = 2inizla-\/l + 2i/n.m,-(6,-,- + Cay/l) 

(56) 

+ ’Sijhnmimhidijh + euhVl) 


and that the heat capacity and its temperature derivatives be represented 
by a' » da/dT, a" = da'jdT, and similarly, for the other parameters and 
the higher coefficients. It is obvious that a = dA/d{l/T), etc. to e^h = 
dEijk/d{l/T). Therefore 


d In 7 t/d(l/r) = a \/J + 2liibikmi + (2l:iCikmi + 'Si.iCijmim^-\/l 

+ 32i,d,-,fcm<m,- + ^^aenkmimj + ~ 2<,7.ei;Vim<m,?n;.^ Vl + ■ * ‘ 


(57) 


and 


d<p/dil/T) = ^izlxi + MSiiXixJbij + ~Ci;Vi) 

^ \ ^ / (58) 

*4~ M ^ CtjiVt \/ 

^The partial heats may, of course, be determined graphically, but some 
equivalent of these analytical expressions must be used in very dilute 
solutions, particularly for the a^s, which may be determined by the Debye 
theory. 

For a two-component system, in which H ^ nj-li -f UtR^ and //* « 
niH\ H- (H - niHt)/n%is usually known as the apparent molal heat 
— r»nmnnnAn+, fl.nd (H — /n>> is known as the 
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relative^ apparent niolal heat content; and is often given the symbol 
bimilarly (Cp - Cl)/n2 is called the relative apparent molal heat 
capacity at constant pressure of the second component, and is represented 
y For the heat content it is the difference between the apparent 
mo al heat content at two different finite compositions which is deter- 
mined directly from a heat of dilution measurement. For the heat 
capacity, as for the volume, compressibility and thermal expansion, a 
smg e \ alue of the apparent molal heat capacity is determined. For the 
ree energy on the other hand, it is the difference in partial molal free 
energy, or chemical potential, of one component in two states at the 
same temperature which is determined: 


unrestricted Systems 

ore discussing unrestricted systems we will give a more general and 
the criteria of equilibrium. The general 

tetaMt „„Id be to add to equation 6, and thetetore to equalioL 7, 8 
^ additional process by which the energy of the 

. or tnree typical processes which are the most important to us. 

dE = TdS - PdV + 2,.^,dn,. + QdW + Sde -t- M (59) 

differences as there are ^ 

surface tensions as there are bnttf ? ? “T'® 

criterion of equilibrium is that ^ phases, Gibbs' 

-tant enttop.’ v„.„r .“nfqll; TrZlT^ZTT^ f 

equation 59 for each of homLneous narTs of li 
may be only infinitesimal in exSnf pLT^ 
are necessary and sufficient for the criterk.n°™'"° 

tho 3um.^ d 

chemical potentials by mass transfer of mat^r 
composition. However, if there is a dk^h! “ 

more components cannot pass the prcsmjf ® 

sides of the -diaphragm though imifoL'‘on ci,r'' ." 
aysta. .he n..ee 
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constant potential. It follows directly from the criterion of equilibrium 
and equation 59 that 

luixidui + GdW + ^de 4- crdd ^ 0 (60) 

for any possible change. For a restricted system this reduces to ln^idui = 0. 
For a system which is restricted except for the fact that electricity may be 
circulated through a single pair of electrodes, 

4- refey — 0 (61) 

in which Ve is the number of equivalents of electricity transferred through 
the system, & is the electromotive force, or electrical potential difference, 
and ff is the value of the Faraday. Since the work necessary to transfer 
electricity from one medium to another depends upon the magnitude of the 
charged body transferred, the difference in electrical potential between two 
different media has no exact meaning, but the electromotive force must be 
measured between two specimens of the same material. In practice this 
is usually between two pieces of copper. Since the electromotive force 
would not be altered by the insertion of any number of metals between 
two pieces of copper if the temperature were uniform throughout, the 
description • of a cell is usually taken for granted beyorrd the first metal 
connection. Thus the simplest cell must include two rnotal electrodes 
with a solution between them. A more complicated cell rnay have more 
solutions, with or without pairs of electrodes l)etween the Bolutions. It 
is customary in this country to write the successive^ phases with commas 
between, and to call the electromotive force positive if positive electricity 
would pass through the cell from left to right were the cell short-circuited 
to permit the cell reaction to take place with no opposing electromotive 
force. 

The essential of an ele(itrode reaction is that the production of an 
electron in the electrode is accompanied by a change of state, and that 
the removal of an electron is accompanied by a reversal of the change. 
At least one reactant must be an ion and therefore in the solution. The 
other reactants may be in the solution, part of the electrode, or in a third 
phase. It is not necessary that there be but a single reaction, provided 
that the reactions occur at eciuilibrium and reversibly. The study of 
equilibrium is not concerned with the mechanism of the reaction, but only 
with the net change in state. The conditions under which the commoner 
electrodes react reversibly are now pretty well known. 
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at which the hydrogen ion reacts and the calomel electrode. We wnte 
the hydrogen electrode and the electrode reaction as 

M, Hj (pj), H+(mi) 

+ G 

in which M represents an inert metal electrode. 0 represents an ’ 

and the symbols in parenthesis represent the state of aggrega lo . 

(s), liquid (i), gas {g), or the pressure of a gas fe), or concentration 
solute (mi). The calomel electrode is written 

Hg(0, HgsChCs), Cr(mi) 

Hg(0 + Cr(mi) - iHg2Cl2(5) + 0 

If we represent quinone and hydroquinone by Q and QH 2 , the correspond- 
ing electrode is 


iQBiimz) = 10 (^ 2 ) + + 0 

The change in free energy depends Upon the chemical potentials of both 
the quinone and the hydroquinone as well as that of the hydrogen ion. 
Even if the concentration of the first two are known, the ratios of their 
activity coefficients are also involved, and this ratio may vary with chang- 
ing medium. This difficulty may be avoided by saturating the electrode 
solution with the quinone and hydroquinone to give 


i¥, Q(s), QE,{s), 


|QH2(s) - iQ(s) + + e 

in which the chemical potentials of the solids are constant. This may be 
done only with substituted qiiinones. For quinone itself, quinhydrone 
(<3 * QH 2 ) is so insoluble that a solution saturated with both quinone and 
hydroquinone is not stable. However, saturation with quinhydrone and 
either quinone or hydroquinone, serves the same purpose, for the reac- 
tions are 


= fQ-QH2(s) + H+(m,) + © 
iQ-QBM = Q(s) + H+(mj) + 0 



THERMODYNAMICS AND ELECTROSTATIC THEORY 39 


tigation and one of fixed concentration of hydrogen ion and of the ion 
which reacts at the actual electi:ode, A common one is 

Ag(s), AgCl(s), H'''Cr(m 2 ), glass, H'''(wi) 

Ag(s) + CrCmj) + H+Cmj) = AgGI(s) + H+(mi) + © 

Since the solution in which the composition of H"*" and CF is is kept 
constant, the only variable is mi , the concentration of the hydrogen ion 
in the solution under investigation. 

Liquid-Junction Potentials 

If the cell contains but a single solution, the total change in state is 
that of the electrode processes, for the transfer of ions which carries the 
electricity from one electrode to the other is a transfer between two points 
in the same medium, that is, where their chemical potentials are the same. 
If thefe are two solutions without a pair of electrodes between them, how- 
ever, there is a change in free energy due to the transfer of material through 
the boundary. It is 'convenient to define a transference number which 
differs from that in general use. We shall define the transference number 
of the ^^th species, as the number of moles of that species carried through 
the solution in the direction of positive current when one equivalent of 
electricity is passed through. The usual transference number is this 
number multiplied by the valence, which is taken negative for negative 
ions. Thus it is the sum of the products of transference number and 
valence, and not the sum of the transference numbers themselves, which 
equal unity. More important is the fact that neutral species have trans- 
ference numbers although they do not contribute to the transport of 
electricity. They may, however, contribute largely to the change in free 
energy. The change in state for a cell containing one electrode in' the 
solution represented by primes and one in the solution represented by 
double primes is 

AF - Xmixi +■ V, J SiU dm + SiViV'/ (62) 

in wliich the first and third terms result from the electrode reactions, and 
the v’s represent the number of moles which are produced at the cor- 
responding electrode, the second term arises from the transference, and 
r, is the number of equivalents of electricity passed through the cell. 

If the cell is to have a reproducible electromotive force, it is essential 
that there shall be a single measure of progress from the first solution to 
Rfipond. which measure we may call x, such that each transference 
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regardless of the path. The mathematical term for such a relation is 
cylindrical symmetry, which is therefore seen to have no necessary de- 
pendence upon the geometry of the transition boundary. Even when the 
arrangement is such that x is to be measured along the axis of a right 
distance along this axis is a very inconvenient measure, 
e solvent is the same in both solutions, the simplest measure is the 
quantity of solvent, since this automatically makes the transference 
number cA the solvent zero throughout. This method makes the “Hit- 
or rans erence numbers” the ones to be used, except for our convention 
aoout sp. If the distance were chosen, the “true transference numbers” 

ohHJn one for the solvent. The same result would be 

obtained in the end, but with greater difficulty. ' 

dividinJZJ^T^ to split the liquid junction term into three parts by 

traien^ “d each 

in wffilTanSr q,;.' (63) 

^ I^obilities assumed independent of the comDosition 

solution m which its. concentration is lajgest. Then 
/ d^/RT = f 2,t; d In m.- + / d In m,- + f 2,<, d In y, 

- j2Mdm/i:^m,uUi + / S.d;dlnm. + f Zaidhy, 

iftheTi'^w^e '"Wch would vanish 

which have b^eniLel t? ^Wlities. For the cases 

Therefore the first term is alone, 

solute udth hnU^o7^Z%Z\TTTf^ ^ "“gle 

aS"lh t^^^'^ghout the boiy 'mate 1 T 

rS™ LtortSto “““ 

composition* of nl, .ho botd^I;®' 'IT'^ ““ 

Stirring together the two solution 2X ^^oundary is made by 

each layer may be represented as x parts of th^TT’ 
the second„and x varies continuoush^fS^m ifA ! 

mixture boundary”. Henderson^’* studied ^ 

obtained the integral ' ^ junction and 


(64) 


f S..M?dm, 


2JmI - 
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Suppose that the second solution is the solution under investigation, and 
the first may be varied arbitrarily to make the value of the integral as small 
as possible. The integral will vanish as 0!,im[u\zi } / approaches 
infinity if 'ZiViiU^ is zero. Potassium chloride is usually used for salt 
bridges because the mobilities of its two ions are nearly the same, or 
2im\u\ is very small, and a saturated solution is used to get a large con- 
ductance, XiiUiulzi. The efficiency of the bridge in decreasing this in- 
tegral will lessen as increases. In practice this means that the 

efficiency is small in aqueous solution if there is much of either hydrogen 
ion or hydroxyl ion present, for both of these ions have mobilities very 
large relative to those of other ions. 

The Clark® type of junction and the flowing junction^' ® are probably 
very nearly mixture boundaries. Diffusion has very little chance to 
change the flowing junction because it is renewed so rapidly, and it has 
little chance to change the Clark junction during the course of an ordinary 
measurement because the junction is so broad. Planck^® obtained a more 
complicated solution, with slightly different results for a junction which is 
closely reproduced in practice by flowing one solution down each side of a 
mica .strip with a hole through which the solutions mix by diffusion, while 
constant composition is maintained at each end of the hole by the flow^\ 
Taylor^^ and Guggenheim^^ have attempted the solution for the junction 
which is best approximated in practice by stopping the flow in a flowing 
junction apparatus. At zero time there is* a plane separating the first 
solution from the second, but the breadth of the junction increases as the 
solutions diffuse into ciach other. However, the relatively simple treatment 
of Henderson is also the one of greatest pracjtical importance, 

All of these treatments agree that the breadth of the junction, that is 
the distance from the first solution to the second, has no effect upon the 
(‘iectromotive force. Yet most students of liquid junction have found 
that the breadth of the junction does have an important effect. An 
explanation of this discrepancy is obtained from the observation of Scat- 
chard and Buehrer^^ that there is an effect of breadth of junction in hydro- 
(thloric acid concentration cells, in whicli the composition of each layer 
mmi depend upon a single variable since there are only two components. 
Th(;ir (‘xiflanatioti is that the lieat change produced by diffusion of acid 
from the concentrated solution to the dilute kept the junction at a tem- 
pomtAiro different from that of the rest of the cell. This condition is 
contrary to the aseumption underlying eciuation 62. This explanation 

* f Jlark, VV. M,, DeUrmtnaiu/n 0 / Hydrogen The Williams & Wilkins Co., IJaltimoro, Md., p. 296 

V A. and I.arsnn. A, T.. J. Am, 42, 229 (1920). 



42 PROTEINS, AMINO ACIDS AND PEPTIDES 

has been confirmed by Hamer^s work with sulfuric acid . | . 

that the magnitude of the effect depended entirely upon t e magni 
the heat of mixing of the two solutions, which can be varied grea y 
sulfuric acid. These results were obtained with the junction 
in a large liquid thermostat capable of carrying away the hea rapi y. 
If the junction is surrounded by air, even though it is thermosta e , e 
effects would probably be much bigger. The Clark type of junckon now 
in general use is so broad that the difficulties are greatly dimims e , u 
it is possible that an efficient liquid thermostat around the junction won 
greatly increase the precision of the measurements. 

The measurements with concentration cells give an insight into t e 
possibility of measuring equilibrium with respect to one process in a system 
which is not in equilibrium with respect to some other process. In these 
cells the change in state produced by the electrolytic process is the transfer 
of solute from one concentration to another. Exactly the same change 
of state is being produced irreversibly by diffusion. Yet electromotive 
force measurements can probably be made more accurately with these 
cells than with any others, and the limit on the permissible rate of the 
irreversible process appears to be the violation of the condition of uniform 
temperature rather than that of minimum energy. The behavior of these 
cells encourages us to apply thermodynamic treatments to other systems 
in which there is a slow change even though the conclusions can be derived 
rigidly only for systems which are at equilibrium with respect to every 
change. 

Single Ion Activities, Salt Bridges and pH 

It is obvious that the free energy change at a single electrode involves 
the chemical potential of a single ion species. So does the free energy 
change at a liquid boundary. The total change in any cell, however, 
involves only such sums of as correspond to ImZi » 0. This is 
most easily seen from the fact that the net charge is zero at all points in 
the cell. Moreover, the electrical potential difference at a* single electrode 
or at a liquid boundary cannot be given any exact significance, but the 
electrical potential difference between two pieces of like metal at the 
extremes of the cell may be exactly determined. So neither term in 
equation 61 has exact meaning for an electrode or liquid boundary, but 
both terms do for a complete cell. The consideration of individual ion 
activities may be avoided by adding to equation 64 the right hand side of 
equation 66 and subtracting the left hand side. 
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The electrolytic cell most often measured in protein chemistry consivsts 
of a hydrogen electrode, or a ciuinhydrone or a glass electrode, in the 
solution to be investigated ("), with a saturated potassium chloride bridge 
to a standard electrode. For simplicity we will take this standard as a 
calomel electrode in saturated KCl ('). 

M, H 2 (Ph,), solution KCl (sat.), Hg 2 Cl 2 (s), Hg(0. 

From equations 61, 62, 64 and 66, with the hydrogen ion chosen as the 
k’th in the last, we obtain after grouping terms: 


^ , RT, RT, n , RT r 0 , 0 

§ = cso + -r: In Ph 2 - -yv In mH+ + / [LiUidmi/I,^mjUiZi 

2 A A if Jn 

+ d In Mi + In ji- Zid In 7 h+)] 


(67) 


[mh+ + Mcr + MHg hmsiCh] +i? 7 Tnmcr -fiETln 7^*1*701-. (68) 


It is apparent that $0 depends upon the nature of the standard electrode 
and that it is a function of the temperature but that it does not depend 
upon the nature of the second solution. We may also write equation 67 


e 2,ZR7\ ^ 2.ZRT 

logPH, = 


[— log7Mji+ + 


2.3 RT 

y 


pH (69) 


X" is an abbreviation for “ times the integral of equation 67, and equation 

69 is the definition proposed by Clark (6, p. 480) for pH. The value of 
So is determined by measuring the electromotive force with some solution 
(") in which the pH is fixed by definition. If X" were zero, the pH by 
this pragmatic definition would be equal to -log However, X" 

does not correspond to the integral of equation 62 or 64. It also includes 
log Tu*) which is in<;luded in &!>, and -log 7h+, So if this integral were 
zero, the pH would be equal to -log ant. 

The .saturated potassium chloride bridge is avoided by phy.sical chemists 
whenever possible, partly because of the uncertainties involved in 
and partly because the mjiasureraents have not been considered as precise 
as those with some other cells. We have already discussed the precision 
of the experimental measurements. There arc two substitutes in common 
use. The first is to use the cell without liquid junction 

M, Ha, .solution", AgCl(«), AgCs), for which the cell reaction is: 
m-rp.. ^ j. » Achsl + H'^ 4- Cl" 
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must be known, and some chloride is added if necessary* The electromo- 
tive force of this cell is given by 


& 


2.3/27’, p , 2.3 iJr, 

®<i - log Pm + - -y - log mcr 


2.3 RT 


(- logmH+ - log TH+'ycr) 


(70) 


This method is used particularly for synthetic solutions in which it is useful 
to vary the concentration and extrapolate to zero concentration so that 
log yH+Ycr is zero. 

The second method is the use of an indicator, which depends upon the 
reaction = F' + 

log ms+ = log Jr - log (toi/otih) - log yrya+Zym (71) 

n' is the valence of the basic form of the indicator, which may be any 
integer, positive, zero or negative. It is the ratio which is 

determined colorimetrically. It is customary to define K' by the equa- 
tions 


log K — log (otiOTh+Zwiih) = log K — log 717H+/T1H (72) 

If log K is measured at several concentrations, it is possible to extrapolate 
to log K at infinite dilution. The effect of ionic strength on this difference 
depends, for substances which make satisfactory indicators, largely upon 
the value of n'. By the Debye theory, the term in log 7fyH+/TtH pro- 
portional to ae square root of the ionic strength is proportional to 
(n + 1) — 1 =» +2n', which may be positive, zero or negative. It 

m n times the corresponding term in log Tanci-- Comparison of 
in equation 69 shows that the term proportional to the square root of the 

^ ™ VH+Ycr- This is the relation which 

should hold if this term is the'same for log 7 h+ as for log 701-. and if X" 
is equal to -log 7 h+. =. > 

Since the individual ion activities are undetermined, we mav make one 
arbitrary rule about them. The rule usually made for electrode potentials 
m that the molal electrode potential of the hydrogen electrode is zero, or 

temperatures. Several rules have 
een suggested for the variation of the potentials of single ion species with 
,K.mpos.t.c„ n, i, pB as «„ed tL 

, ^ electromotive force of a cell with saturated potassium chloride bridge 
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tivity. Then for any electrode written on the left side of a cell with a 
saturated potassium chloride bridge and standard electrode on the right, 

§ - ™ Si^ilnoi (73) 

in which is the number of moles of the f’th species produced at the left 
hand electrode per equivalent of positive electricity passed from left to 
right. So for any cell will differ from So for the cell with a hydrogen 
electrode by the molal potential of the electrode used in it. 

Osmotic Pressure 

If there is a membrane separating two parts of a system which prevents 
the transfer of one or more components from one part to the other, there 
is no necessity that the potentials of these substances or the pressure be 
the same in the two parts. If there is another group of substances which 
can be transferred, their potentials, like the temperature, must be the 
same on the two sides. We consider first the case in which there are only 
two components, the first of which can pass through the membrane while 
the second cannot. If the two sides of the membrane are distinguished 
by primes or double primes, the conditions of equilibrium are; T' =■ T", 
Hi = Hi. We are interested in determining the relation between the 
potential in the second phase when at the same pressure as the first, 
{h")v\ and the pressure difference at equilibrium, P' - P". 

“ iHi)p” “• + f Vi dP (74) 

(hDv - {h)p' “ RT In (ax'Vai)^' fx dP (76) 

* J pf 

If Fr a constant, this may be integrated to give 

P" - P' = :^,?'ln(a(7a(),- (76) 

ri 

If the primed solution contains none of the second component and the other 
solution is so dilute in this component that it may be considered ideal, then 
-In (1 - Ni) may be replaced by Ni' and + n^lfi by rit jV" 

- Ci\ 

P" - P' « RTCi (77) 

which is VanT Hoff's law for the osmotic pressure, if the osmotic pressure 

.. ii,. 
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the solution is in equilibrium with the solvent through a membrane im 

permeable to the solute. 


Donnan Equilibrium 

The situation is more complicated if the^e are more than two con^onents, 
and particularly if a solution contains ions, some of which may e 
ferred and others may not. The chemical potential of an i(m nee no 
be the same on the two sides, but for each combination of diffusible ions 
such that 2iV{Zi « 0, a^Jid 


SiV.-Dx" - Mi],' = ETSm In (of/o-),' = -/ , 


(78) 


We will first follow the customary procedure, and assume that every ac- 
tivity coefficient is unity and that the integral may be considered ^ero for 
every component except the solvent. Then 

liPi In nti/mi » 0 if SiViZi « 0 (79) 

It follows that {ml fzi is the same for every species which can be trans- 
ferred. If we designate by Greek subscripts those species which cannot 
be transferred, and if there are none of them in the solution designated by 
single primes, the law of electrical neutrality demands that 

« 0 

+ ^rri\Z\ « 0 . 


Further progress requires a knowledge of the conditions. We will con- 
sider only the simplest possible case of three ions, of which the first two 
are at equilibrium through a membrane impermeable to the third, and 
the third is all on the side of this membrane designated by a double prime, 
and "vith Zi « « 1. Then 

II n u n 

?uj = TOi + zjTOj 


P" - P' 


RT [2mf 4“ (1 + zz)ml - 2^ ml{rnl + Ziml)] 

If r 


(80) 


RT 


mz + 2mi 


1 + 


if 

Zimz 


i ,Zzml 

I -j 

Ml 


The limits of^P" — P' are RTmz, when Zzmlfmi is very small, and 
a 4- , when is verv larere. We mav ereneralize this 
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fusible ions the pressure difference corresponds to the concentrations of 
salts of the non-diffusible ions with whatever ions of the opposite sign are 
present. The hydrogen and hydroxyl ions frona the water distribute like 
other ions. Near the lower limit the distribution ratios are large so that 
the solution containing the non-diffusible ions may become strongly enough 
basic or acidic to form weak bases or acids from the non-diffusible ions. 
This phenomenon is known as “membrane hydrolysis.” 

In the study of protein solutions it is often necessary to carry out the 
measurements in a buffer solution, and to make corrections for the distribu- 
tion of diffusible ions across the membrane. The osmotic pressure method 
has the advantage over the depression of the freezing point or vapor pres- 
sure that it counts only the non-diffusible ions plus a portion of the ions 
of opposite sign necessary to neutralize them. The other methods count 
every solute particle including the excess of salts of diffusible ions. It has 
a further advantage that the effect of a very small concentration difference 
is much more easily measured. In water solution the limiting ratio of 
dP/P to dM for the vapor pressure is 0.018, so the ratio of dP to dM varies 
from 0.07 at 0“ to 14 at 100® if the pressure is measured in millimeters of 
mercury. For the osmotic pressure the ratio of dP to dM varies from 
17,000 at 0° to 23,000 at 100° for pressures in millimeters of mercury. 
For the freezing point depression, the ratio of dT to dM is 1.86. So 1 mm. 
in the osmotic pressure corresponds roughly to 0.0001°C. A reading of 
a tenth of a millimeter on a water manometer corresponds to less than a 
millionth of a degree in the freezing point depression. The chief disad- 
vantage of the osmotic pressure method is that there are only a limited 
number of solutes for which a semipermeable membrane can be made. 

This unequal distribution of diffusible ions across a membrane is known 
as the Donnan membrane equilibrium*'^ The effect of activity coefficients 
different from unity has been discussed by Donnan and Guggenheim*^. 
We should also consider the value of the integral of V.-dP, which we have so 
far considered as zero for diffusible solutes. This assumption is justified 
for solutes with molal volumes the same as that of water, for the ratio 
a'i/a/ is increased only 1.8% per mole of undiffusible solute in a kilogram 
of water. However, if the molal volume is a thousand times that of water, 
which corresponds roughly to a protein of molecular weight 30,000, the 
activity ratio is increased 1.8% per 0.001 mole per kilogram. The cor- 
responding pressure difference is only twenty millimeters of mercury. 

Membrane Potentials 

Tf -ar^ Bfit, i,n a cell with two electrodes of the same kind, one on either 
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on the chemical potentials of the materials which react at the electrode 
but are not in the solution, even though the concentration of the ion 
which reacts at the electrode may be very different because of the presence 
on one side of the membrane of an ion to which the membrane is imper- 
meable, and, except for gas electrodes, the pressure difference is negligibly 
small That the potential is zero may be seen from the fact that the cell 
process must correspond to a transfer such that l^iViZi = 0, and for such 
transfers = Ttivnii . With the same arbitrary assumptions we made 
to determine single ion potentials, we may determine the electrical poten- 
tial difference across the membrane as the electromotive force of a cell 
in which two identical electrodes are connected to the solution on the two 
sides of the membrane through saturated potassium chloride bridges. 
This electromotive force is {RT/zk) In {a[/ak) for any ion which is at 
equilibrium on the two sides. 


Gravitational and Centrifugal Fields 

The simplest treatment of equilibrium in a gravitational field is to omit 
the electrical and surface terms in equation 61 and to take 


dW * 2iWidni 

in which Wi is the molecular weight of the i^th component, 
tion 62 becomes 


( 81 ) 


Then equa- 


-h GWi)dni = 




Since a possible variation is the transfer of % moles of the Fth component 


w + GWh = constant 


or 


(83) 


(84) 

We assume that the chemical potentials are functions of the temneraturp 


Wk d^,/dG = (dfi,/dP)r, n dP/dG + p dNi/dO 

= n dp/do + 2,(W5Wy),. p dNm 

Summing over all the components yields 




'Cl / fS 
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By equation 1, the second term in equation 86 is zero, so 

dP/dG - -W/V - -p (87) 

if p is the density. Inserting this value in equation 85 yields 

XMdN,)dN^/dG ^ - ?kp) (88) 

in which - {Wk - Vkp) is the apparent mass of a mole of the fc'th component 
in the system. In an ideal solution this reduces to 

d In Nk/dG ^ ^{Wk - Vkp)/RT (89) 

in a non-ideal solution we may write 


dlnm* 


fdln 7 A d nij 
\ diUj /r, p,rtt dG 


--{Wk - fkp)/RT 


,(90) 


in which the solvent is omitted from the summation. 

The application of these equations to the ultracentrifuge, in which G 
is taken as the centrifugal potential, will be considered in chapter 19. 
Here we are interested in the problem of whether the earth^s gravitational 
field may be neglected in the study of protein solutions. For an approxi- 
mate solution we take equation 89, assume that for a protein Yk =« 0.76 Wk 
and that p = 1, Then 


d (In Nk)/dh « - (0.25 x 980/8.3 X lO’' x 300) Wk - Ffc X 10”^^ cm“"' 


If the molecular weight is less than a hundred thousand, the change in 
concentration at equilibrium is less than 0.1% per centimeter, but if the 
molecular weight is greater than ten million, the change is more than ten 
per cent per centimeter. So for large proteins the effect may be very 
appreciable within the dimensions of an ordinary apparatus. 


Surface Tension 

In considering surface energy we will assume that there is but a single 
kind of surface, and that the surface tension is a function of the tempera- 
ture, pressure and compositions of the phases which meet at the surface 
(or surface concentration of a substance not soluble in either phase). 
The extension to several kinds of surfaces in obvious, but the second as- 
sumption excludes from our treatment the consideration of the effect of 
curvature on surface tension. It has the advantage that it makes the 
pressure, like the temperature, uniform throughout a system at equilibrium. 
Gibbses treatment of surfaces employs a much more specific physical picture 
4-1^^ -pnof Af h^fl +.h Armed vnamlcs, and it would be too long for discussion 
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treatment includes the effect of curvature, we wiU define a 

tration somewhat different from his. For a two 

reduce to the same thing, and it is possible that our definition is not less 

useful than that of Gibbs for more comphcated systems. 

Since the pressure and the temperature are unfform throughout, it m 
convenient to treat the free energy, the differential equation for wmc 
becomes 

dP - -SdT + VdP + 2iin d Tii + add (91) 


We start with the fact that 

(a(r/6n&)r.P,„,a « {B^F/dQdnu) * {d^F/drikdff) » {dMk/BQ)T, p. n 

We then use successively the cyclical rul^ for partial derivatives with 
rotation of subscripts and with constant subscripts and invert to obtain 

{d(r/dnk)r, p, n, a - p, n, r, n, a 

(d<r/dfik)T, F, njrfnft, a « -(dn&/dfl)r. F, n. I^k “ 

We define the surface concentration F* by equation 92. It is the amount 
of the ifc'th component which must be added per unit increase of surface to 
keep its chemical potential constant when the quantities of the other com- 
ponents are kept constant. For a two component system, if jui, T and P 
are constant in a bulk phase, Ni must be also, and Fs may be written 
(dTh/BQ^T, F, jv. This definition shows that the composition of a bulk 
phase is kept constant as the surface is increased, So Tk may well be 
called the surface concentration, although there is no necessity to say 
where the material is situated with respect to any geometrical surface. 
For more complex systems, the concentration of. other substances in the 
bulk phases will also change with the extent of the surface, and the relation 
is not so simple. 

Gibbses relation is 


*“Fjfe{,*) « T, p, fif t oT nk (93) 

in which F*(,-) is the difference in quantity of the i’th component per unit 
surface in the real system from that in an imaginary system which has the 
composition of one bulk phase on one side of a surface and that of the other 
bulk phase on the other side of the surface. This surface is parallel to 
the real interface and drawn* so that the difference in quantity of the /th 
component is zero. 

^ In either case we may replace the chemical potential by the activity to 
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which in dilute solutions becomes 

{Ck/RT)da/dC,c (95) 

The most important qualitative relation is that in dilute solutions r* 
cannot have a large negative value, so the surface tension cannot increase 
rapidly with the concentration in dilute solutions. It may, however, have 
a large positive value, so the rate of decrease of the surface tension may 
be much greater. If the surface concentration is zero, the surface tension- 
concentration curve passes through a minimum or a maximum. From 
the first relation we see that a minimum is much more probable than a 
maximum. 

Solubility and Particle Size 

The variation of solubility with particle size depends upon the variation 
of the surface between two phases with change in the size of particles of 
the dispersed phase. If nk is the chemical potential in the dispersed phase 
and M* that in the continuous phase, 

Mt - M* + ff(d(i/dn*)r. j» (96) 

or 

In dk Hk/RT -J- {ir/RT){d(i/dnk')T, p (97) 

If the shape of the particles remains constant, we may write dQ as 4dV/B> 
in which 5 is a measure of the particle size. For a sphere, 5 is the diameter, 
for a cube it is the cube edge; and for a rectangular prism with edges a, b 
and c, 3/3 = 1/a + 1/6 + 1/c. Then 

In ai =. In o® + icrfk/RTS (98) 

In a* •= lik/RT is obviously the value of In al for an extremely large particle. 
For water drops, with «r =» 80 ergs/cm* and F*, - 18 cm*, log a* 
log o* + 1 X lO'^^S. The effect is small until 3 is less than a millionth of a 
centimeter, but the pressure is ten times as great from a drop a ten-millionth 
of a centimeter in diameter as from an extremely large drop. . The same 
equation applies to the activity in a capillary if -3 be taken as the diameter 
of a circular capillary or —5/2 be taken as the mean radius of curvature 
of the meniscus in a pore of any shape. 

The effect of particle size on the solubilities of salts in water indicates 
that the surface tension at the salt-solution interface is of the order of a 
thousand ergs per square centimeter."® The surface tension at protein- 
solution interfaces is not known, but the protein molecules are so large 
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above which the effect becomes negligible, is to be smaller than the size 
of particles usually used for solubility measurements. The effect can 
be nullified only partially by keeping the particle sizes always the same in 
a series of measurements of solubilities in different media. If we designate 
the second solution by double primes, and distinguish the surface tensions 
in the same way, 


In (a"/ai) = (4?u/RT)ia"/S'' - v'/aO 


( 99 ) 


Even if the a's are the same, there will be a difference in the activities if 
the surface tensions are different. 

At complete equilibrium the dispersed phase would be a single particle. 
We usually trust the system to reach a state in which the size of the 
dispersed particles is so large that the difference in energy from this equi- 
librium state is negligibly small. It is excellent practice, however, to 
check the time necessary to justify this trust. The customary assumption 
that the properties of a system depend only on the temperature, pressure, 
composition and state of aggregation depends upon the trust that the 
system spontaneously reaches equilibrium with respect to many other 
varia.bles wMch would otherwise affect the properties. For solids there 
are, in addition to the particle size, the stable crystalline lattice, the stable 
shape, which may be related to different surface tensions on different 
crystal faces, and freedom from strain. In pure liquids there is orienta- 
tion relative to phase boundaries, or merely to adjacent parts of the same 
phase. Equihbrium may be attained very slowly if there is a favored 
mentation as in liquid crystals. In solutions there are also composition 
differences at surfaces or in a potential field. Although thermodynamics 
IS generally applicable, the equations we use to apply it are valid only 
undter certam restrictions, and we must check carefully in each new case 

to deternme whether these restrictions correspond to tKe conditions of 
our expenments. 

Simple Electrostatic Theory 

TJe applications of the theories of Debye“' concerning solutions and 
of the extensions of these theories to solutions of dipolar ions constitute 
such a large part of the chapters which follow that it is expedient to derive 
We the ^uations for the simplest possible model and to Lcuss in a later 
cl^apter the more comphcated models. We assume that each ion is a ririd 

andTdiltric coS^t IitShe^caty1»tr f" f 
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cannot approach closer than a distance aiy, which is not smaller than bi 
or hj, but at greater distances the interaction is given completely by the 
electrostatic forces between the net ionic charges. We shall assume that 
the distance aij is the same for any pair of ions, and shall therefore drop 
the subscripts. Some of these assumptions will be made more general 
later. 

The solution as a whole is neutral. Therefore the location of a charge 
eZi within the sphere of radius bi requires that there be another charge 
- eZi outside this sphere. Our first task is to consider the average distribu- 
tion of this charge, which Debye calls the “ion atmosphere.” It cannot 
be uniformly distributed. We may determine the concentrations of ions 
in an electrical field just as we did those of masses in a gravitational field 
to obtain equation 84 and those which follow. Omitting gravitational 
and surface terms from equation 59, substituting the symbol for & to 
correspond to later chapters, and utilizing the fact that de = ^i^iZidniy 
in which e is the charge on a proton, Zi is the valence of the iHh species and 
Ui is the number of molecules of that species {n'i « Ui/N, in which N is 
Avogadro^s number), we obtain from equation 60 

S,-(M./iV + *= 0 (100) 

Since the transfer of duk molecules of the /cTh species is a possible variation 
kT d In ak/dyk « d{fXk/N)/di/ = -ezk (101) 


in which k ^ R/N is Boltzmann^s constant. So 






( 102 ) 


in which al is the activity of the k’tla component at a point where ^ is zero. 
Substituting concentrations for activities in the dilute solutions, we obtain 


c* - 


(103) 


which is Boltzmann’s distribution law for an electrical field. 
Poisson’s equation may be written 


vV = —iirpfD 


(104) 


in which p is the electrical density, D is the dielectric constant, and v’' is 
the Laplacian operator. 


vV = d^}p/dx^ + d^^fdy‘‘ + dV/c)z“ in Cartesian coordinates 


1 a 


(r'^4) 




Q iiQ 




4 " 


1 aV 


(105) 
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Combining equations 105 and 104, and letting Ci and be concentratio 
in molecules per cubic centimeter 

- -(4Te/D)ZiC{Zi = (106) 

This equation cannot be integrated anal 3 diioally. So we expand the 
exponential and retain only the JBrst two terms, to give 

VV » -(4t«/D)2.4«.- + (4reVDkT)(S/<z*) \f' - ^ (10?) 

The first term is zero because the net charge in the solution, SjCiZjC, is 
zero. The quantity k is defined by this equation as 

K - Vi4iri/DkT)^ic\z\ = V(4iri\^«Vl000 DkT)IiiCf?i 

» V(4jrA^«Vioooi)Ar)r 

r = SiCfi’ is the ional concentration. C, is the concentration of the t’th 
species in moles per liter. Except that the concentration units are moles 
per liter rather than moles per kilogram of solvent, T is twice the ionic 
strength, Xiin^i/2. x is a very important quantity in the Debye theory 
for r^ons which will appear later. 

The Dehye-Hiickel Equation 

It is convenient to use the spherical coordinate form of the Laplacian 
and our assumption of spherical symmetry makes df/d0 and both 
zero, so 




1 

r*dr 


£ (r^ 

ir\ dry 


(IJrY^i/dil/rf 


2 / 

' K f 


The solution, which is most eaaly verified by differentiation, is 




r 


-f 


C'e” 


(109) 


(IW) 


The two parameters, C and O', are determined from the boundary condi- 
tions. Since approaches zero and e^'/r approaches infinity as r ap- 
proaches infinity, C must be zero. At the boundary r m a, ^ and dt/f /dr 
must each be continuous. When r ^ a 


- Cc'Vr (111) 

#/dr - -Cr"(l + *r)/r* (112) 

and when b^rsa, Coulomb’s law may be used with the central charge, 
since there are no charges within this shell, to give ’ 


JtJ. 


— /n -2 
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From equations 112 and 113 when r = a 

-Ce““(l + Ka)/o? = —tZi/Dc^ (115) 

C = 6S!.e“/i)(l + /co) (116) 

and when r a 

^ = 62ie“‘''~“VD(l + Ka)r (117) 

So, when r = a, using also equation 114, 

\l/a = (ZilDa{l + kE) = («3</Z))[l/a — k/( 1 + /ca)] = tZifDa + 0" (118) 

and, therefore, 

C" - -«z./D(l + KO) (119) 

and from equations 114 and 119, when r = 5 

lAt = itZi/D)[l/bi - k/(1 + Ka)] (120) 

In this simple case we may also use the method of Maclnnes^' and deter- 
mine C from the fact that the total charge outside the sphere r = a is - tZi. 
Combining equations 104, 107, and 111 gives 

p = (-D/4x)/cV “ {-D/AE)Ce-"/r (121) 

irr/p dr = £" -DCe-"r dr = -DCe-'Xl + Ka) (122) 

This yields the same value of C as the method used above. The first 
method is more closely related to those which must be used in the more 
complicated cases. 

The net charge per unit thickness in a spherical shell is 

47rrV - ^[62/7(1 + Ka)V^^r (123) 

This quantity passes through a maximum when r «« 1 /k. Perhaps the fact 
that more of the ionic atmosphere is at a distance 1/k than at any other 
distance is the best justification for calling 1/k the ^^thickness of the ionic 
atmosphere^^ Three-quarters of the charge is at a distance greater than 
1/k at the limit Ka « 0, and this fraction increases to unity at the limit 
/ca * L 

It is evident from equation 120 that tZi/Dhi is the potential on the 
surface of the sphere hi due to the ion itself, and that — €ZiK/T>{l -f /ca) 
is the potential due 'to the ion atmosphere. For the calculation of con- 
ductance, transference or electrophoresis and other quantities which depend 
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upon the transfer of the ions, the potential as given in equation 118 or 120 
is used directly. For the calculation of equilibrium relations, we imagine 
that there is a process by which the charge may be added to, or removed 
from, the ion reversibly. Then Wei, the work of bringing this charge to 
the surface of the sphere of radius h, is 


Wei = f '{'bide (124) 

Jo 

The work of changing the distribution of the charge within the sphere is 
independent of the conditions if the restrictions given above are main- 
tained. We consider first the change of state from one in which ail the 
ions are at infinite dilution in the standard solvent to one in which they 
have the given concentrations in a given solvent. Our process will be to 
remove the charges of the ions in the standard solution, to transfer the dis- 
charged ions to the proper amount of the given solvent, and then to add 
the charges again. The discharging and charging processes arc so carried 
out that at any instant each ion has the same fraction, X, of its final charge. 
The number of ions of the t'th species in the system is n'i. 

In the first step the electrical work is 


de 


-We « -HiiniWei = f ypM de == -'Ziifii [ ie/Doh) 

Jo Jq 

px 

= -SinA^z^i/Dobi) I Xrfx = -lin'Jzy2Debi 

There is no electrical work in the second step. In the third step 

We == SiTlf W ei = S,' Tli f ds 
Jo 

f * 

= XiTii / (e - X/c/(l 4- XKa)]\ dX 

JO 


(125) 


(126) 


= S. n((/ 2 ?/ 2 D){l/ 6 .. - ~2Ka + 2 In (1 + «o)]A'a') 

The total electrical work is 
We-Wl^ Sin[{U^z]/2bi){l/D - P/De) 

- {€Vi/2D)lKV -2Ka + 2 In (1 + Ka)]/^] (127) 

“ the second 

Jep, and there may be non-ideal terms in any of the three steps, which we 
mil designate as & and 5. Then for the whole process aid for th! 
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For the present we will assume that (5i + Sj + 53 ) is zero, which is probably 
much more probable than the assumption that each is zero. Later we 
will assume that (5i + 63 ) is zero, but that h can be determined from the 
behavior of similar non-electrolytes. 

In obtaining the chemical potentials by differentiation, we note that the 
addition of a component may change the volume and the dielectric con- 
stant, and that 
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7 = [1 + «a - 1/(1 + Ka) -2 In (1 -t- «a)]//cV (131) 

The first term of equation 130 depends upon the valence of the A'th com- 
ponent, and is zero for non-electrolytes. It is the important term for ions, 
and as written corresponds to an individual ion chemical potential so that 
it has only formal significance; the second term depends upon the molal 
volume of the fc’th component and in dilute solution is important only for 
the solvent; the third term depends upon the effect on the dielectric con- 
stant and is the important one for non-electrolyte solutes. For an electro- 
lyte, we will let »<+ be the number of cations of valences 2 + and p- be the 
number of anions of valence z_ from a molecule of a salt, and let v «» 
»<+ •+- vl,. Since the salt is electrically neutral 
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Similarly we define bn by the equation 


-pZj^z^Jbn « pJi,zX/b^ 4 p^iL/b^ 

(134) 
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The electrical contribution to the mean activity of the ions, which we will 
represent by is related to jji^e by the equation 

lnai.= (A...-4)M?’ _ 

For a non-electrolyte solute or the solvent, or formally for a single ion 
species 

In Gks « “ ^le)/RT 


The activities also contain the ideal parts, In Nk/Nlj etc., and any non-ideal 
parts which come from (6i -f- + ^ 3 )- Equations 130 and 135 contain the 

whole of the Debye equilibrium theory for spherical ions and for the 


approximation of equation 107. 

The Debye-Hiickel equation for the effect of electrolytes on electrolytes 
is obtained by letting D == Dq. We will designate by kq and 7o the values 
of K and of F obtained in this manner. Then 


■ 


fioe 


0 


0 


NevZ+z^ kq Ne Yo dV 

^Dq 1 "b 2 jDo d7i4 


2,C,-z^ 


2D, 




(138) 

(139) 


It is customary to drop the second term of equation 138. If the volumes 
are additive it is less than one-third the first term multiplied by the fraction 
of the volume occupied by the salt. If equations 138 and 139 are to be 
kept thermodynamically consistent, however, this term must be retained. 

Huckef ^ has shown that for a single salt the difference between equation 
135 and the first term of equation 138 may be expressed as a linear function 
of the concentration, 
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with dD/dC. a constant. 

If the dielectric constant is independent of the salt concentration, « is 
proportional to the square root of the salt concentration in moles per liter 
of solution; hut if the dielectric constant is proportional to the amount 
of solvent in unit volume of solution, which is a much better approximation 
for the behavior of aqueous solutions of many non-electrolytes, x is propor- 
tional to the square root of the salt concentration in. moles per liter of 
solvent, and therefore in moles per kilogram of solvent. So we may repre- 
sent the effect of purely electrostatic action by 
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We may expand equation 141 in a power series to give 
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Comparison of equations 31 and 144 shows that A of equation 31 is given by 
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It is evident that the series in 143 does not converge rapidly unless ku is 
much smaller than unity. It is therefore often convenient to retain the 
denominator of equation 141, and to replace 31 and 32 by 
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7 =• [1 + a' Vi - 1/(1 + a’ VI) - 2 In (1 + a' Vi)]/a'®I (148) 


At the limit a' V I = 0, F approaches V 1/3. For moderately small values 
of a'Vli however, the computation of Y is inconvenient, but it may 
easily be obtained from a table of o' F as a function of a'Vl/0- + a'Vl)/^ 
We see that In 7 * may be expressed as l/DT times a function of k, which 
is l/DT times a function of the square root of l/DT times the ional con- 
centration r. This is true not only for the simple spherical model but also 
for any model which uses only two terms in the expanded exponential of 
equation 107, though not of the added terms which are discussed later under 
Electrostatic Association. Therefore if {DT/D'^lf) In 7 is plotted against 
(D®r°/Z)r)r/2 or its square root, the electrostatic terms should be inde- 
pendent of both dielectric constant and temperature. D“ and T” are the 
dielectric constant and temperature of the standard state, usually taken as 
water at 25°C. 


Aqueous Solutions 

nnhora ICS o nrraof orlTrorsf Q nria ^rxy* +i-nor ficsofa <4«llTf.inn A+.n in 
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The latest values of the universal constants, the Critical Table densities of 
water, and Wyman^s measurements of the dielectric constants of water 
are fitted by 

A = 0.5305(1 + 1.6471 X lO"’!! + 3.569 X 10~? + 2.389 X 10“V) 

for water (149) 


in which i is the centigrade temperature. Similarly 

10“W7 = 0.2292(1 + 5.217 X 10~*t - 9.16 X 10“? + 8.88 X 10"V) 


for water (150) 


At 0° the first terms in In and in log yk/zl are O.TQSSV'l and 
0.3456V7, or L1254v172 and 0.4887^/7/2. lOA/VT/^ is 0.3241. 

For approximate computations it is simple to remember that in kqueous 
solutions the limiting slope of log y versus \/T 72 is very close to one-half, 
and that Ka is very close to one-third of \/T/2 multiplied by a in Angstrom 
units. For many simple electrolytes a appears to lie between three and 
six Angstroms, so that na lies between '\/l/2 and 2-\/T/% One of the 
practical questions arising in the study of protein solutions is the stand- 
ardization of pH measurements. A simple method^^ is to take hundredth 
molal hydrochloric acid as the standard. If the activity of the hydrogen 
ion were gi^n by the first term of equation' 146 and equation 149, with 
Ka ^ l.lV 7/2, the pH would be 2.044 at 0°, 2.046 at 25° and 2,048 at 60°C. 
Unless there are specific effects which vary rapidly with the temperature, 
it is well within the limit of error of our other assumptions regarding pH 
to assume that the pH of hundredth molal hydrochloric acid is independent 
of the tenoperature^®. 

Heat and Volume Changes 


The model upon which we have based the Debye theory would corre- 
spond to sizes a which are rigorously constant regardless of the pressure or 
temperature. There is a very great advantage, however, in remembering 
that this IS, after all, only an approximate picture of the electrolyte solu- 
hoR, and in keeping constant a' = m/Vi rather than a itself. This 
demands that o decrease with increasing temperature or pressure, which 

assumed is one 

m a from 0 to 100 C. is only five per cent. Any deviations of this assumn- 
tion from the truth will appear as additional temperature variations of the 
parameters of the succeedine terms of emiations T4fi nnrl 147 -nvio 
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vantage of this treatment is that the only function of the temperature or 
pressure in the first term of equation 14G is A itself. So the partial molal 
heat content, heat capacity, volume compressibility, thermal expansion 
all have the form. 

Gke = Ql + g^kWlKl + aVl) (151) 

The corresponding apparent molal quantities have the form 

(G^app. = Gle + $0,. = GL + gM\yyi/{l + a'VJ) - Y] (162) 

and the partial molal quantities for the solvent have the form 

Goe = Goe - WoVmgeZkY (163) 

For the molal heat content equations 149 and 43 yield 

258Vo:6[i + 1.194(^A) 

+ 0.936 (i±)' + 0.401 (4)' + 0.062 

if the units of are calories per mole of ion and 1 calorie = 4,186 

joules. So the limiting law for the total heat of dilution per mole of salt at 
0°C. is 


^ -172vz^z^y^I/2 

= -mpz^zWIJi 


(154) 


The differentiation to give the corresponding terms for the heat capacity, 
etc., is obvious. 

The change of dielectric constant with pressure has not been measured 
accurately enough to give certain values for the volume change in dilution. 
However, if we assume that at constant temperature but varying pressure 
the dielectric constant is proportional to the concentration of water we 
obtain for aqueous solutions at 25®C. 

4>.2 - “ -0Mpz+z-Vi7^ (165) 

From the study of the most accurate density measurements Redlich” 
obtains 

$.2 - - -0.93»'Z+z_\/I72 (166) 

The electrical contribution to is given by differentiating fik, at zero 
electrolyte concentration with respect to the pressure. From equation 130 
we obtain 
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If we assume that i In hh/dP — 0 and that d In D/dP = /3 as for equation 
155, and measure hi in Jjigstroms and duu/dP in cc. per mo e o ion 

dP 

and the electrical contribution to fj* is 

= 2<4.5i'<a<A 

If d In D/dP may be determined from Redlich’s value of the limiting slope 
of vs. 's/l/2, the numerical factor is changed from 4.5 to 4.8. 

Electrolyte Solubility in Different Solvents 

The interaction of an electrolyte and a- non-electrolyte is most simply 
considered from equation ISO in the limit of zero salt concentration. 

m - mI = (Ne‘zl/2bi)(l/D - 1/Do) (160) 

The electrostatic contribution to the chemical potential of an ion should be 
a linear function of the reciprocal dielectric constant. This is often called 
the Born equation^*. If there is no deviation from the laws of ideal solu- 
tion except as indicated in equation 160, the solubility, corrected to zero 
ionic strength by equation 138, is 

In ^ - A.VRT'Sm - {Niz^-/2h,)[l/D - 1/Do) (161) 

Bjerrum** was the first to note that non-electrostatic effects must also be 
taken into account and that equation 161 should give the logarithm of the 
solubility ratio of the salt minus that for a non-electrolyte molecule having 
the average properties of the ions, such as argon for potassium or chloride 
ion and neon for sodium or fluoride ion.. The non-electrostatic effects are 
particularly large for large organic ions. 

Debye*** has noted that equation 161 should give only a poor approxima- 
tion in the case of mixed solvent because it ignores the sorting of the 
solvents by the ions which attract the molecules of high dielectric constant 
more than those of low. Debye’s calculations treat the solvent as a ho- 
mogeneous structiu-eless medium, and are still far from satisfactory as a 
representation of the experimental facts.** 

Salting-Out of Non-Electrolytes 

For solutions which are dilute in the non-electrolyte as well as in electro- 
lyte, we may write 
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with a constant. 

l/D « l/Do[l + S l/Do - (a„/DSpo)>M„ 

For a single non-electrolyte and single salt, this leads to 

ln7± ■» {N t’‘z^-S„/2RTb,Dlf)o)mn 

ln 7 „ = {Nt^z+z-S„/2RTb,Dlpii)vm, 

tp =■ x^, + a:„(p„ + {N tz^J&nl^RTh,D\p^Mx^n 

in which M = vm, + m„, x, = vm,/M, Xn = rrinlM, <p, is the value of ^ in a 
solution of salt alone at the concentration m„ and pn is the value of ^ in a 
solution of the non-electrolyte alone at the concentration win. Equations 
160 and 164 may be used to calculate the effect of a non-electrolyte on salt 
solubility. If the dielectric constant is diminished by the non-electrolyte, 
hn is negative; since z- is also negative, In 7 is increased and the solubility 
is diminished. Equation 165 may be used to calculate the effect of the 
electrolyte on the non-electrolyte. If 3 is negative, this solubility is de- 
creased by the addition of salt, or the non-electrolyte is salted out. We 
may call the term in parenthesis in these equations the “salting-out 
constant.” Equation 166 may be used to determine this salting-out con- 
stant from freezing point depressions or other measurements of the poten- 
tial of the solvent. The salting-out constant depends upon the tempera- 
ture, upon the dielectric constant of the solvent, upon the rate of change 
of dielectric constant with changing concentration of the non-electrolyte 
solute, and upon the valences and radii of the ions. So it depends upon 
specific properties of both the solutes. 

The approximations made in the derivation of these equations indicate 
that deviations from the simple linear equations might be expected at low 
concentrations. For non-electrol 3 d;es which lower the dielectric constant, 
however, the linearity persists to high concentration, particularly for equa- 
tion 166. The decrease of the dielectric constant of water by most solutes 
may be largely accounted for by the displacement of water by a substance 
of much lower dielectric constant. This displacement also occurs in solu- 
tions of ions and dipolar ions, and these solutions do appear to show a 
salting-out in addition to the salting-in due to their electrostatic effects. 
The two effects can be distinguished to a certain extent because the salting- 
out remains proportional to the concentration while the electrostatic effect 
increases much less rapidly at higher concentrations. Probably the chief 
difficulty is in those effects which would remain if the ionic charges were 
removed, which we have indicated by 5s in the charging process. Most 
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accounted for largely by the dilEculty of separating the very 
water molecules, and it therefore depends largely upon t e vo ume 
solute molecules. The simplest theory leads to a negative term in tj 
equation 31 or 146 which is proportional to the product of t e mo ecu ar 
volumes of the fTh and the /th species. Even for the larger mona omc 
anions this effect appears to be larger than the saltirig-out effec . ^ ^ 

Hofmeister series of the ions is largely dependent upon the differences in e 
salting-out effect and this non-electrostatic effect; for spherical ® 

first is proportional to l/b and the second to h\ In some of the Ho - 
meister series more specific effects are doubtless involved. 

‘‘Specific Ion Interaction’^ 

In an electrolyte solution the forces of repulsion between like charges 
will usually keep ions of the same charge separated sufficiently that the 
shorter range interactions between ions of the same sign may be ignored. 
This is a statement of Brpnsted's principle of “specific ion interaction’^ 

It leads to certain conclusions concerning .the behavior of solutions of mixed 
salts which have been verified experimentally, and which lead to important 
simplifications in the treatment of such mixtures. It also gives the basis 
for using a single value of a in solutions containing only two ion species 
The important distance is that between the cation and the anion, and the 
error is not large in attributing this distance to a pair of cations or to a 
pair of anions. If the cations are smaller there will be a shell around each 
cation from 2b+ to a ^ (b^ + bJ) into which another cation can enter 
though we assume that it .cannot; however, the electrostatic repulsion will 
prevent many cations from entering this shell. Around each anion there 
is a shell from (6+ 6~) « a to 2b-- into which no other anion can enter, 

though we assume that it can. However, we have assumed electrostatic 
repulsion, so we have not assumed that many ions enter this shell. The 
two errors also tend to compensate. The principle of specific ion inter- 
action also indicates that the salting-out effect and the non-electrostatic 
effect should also be restricted almost entirely to reactions between oppo- 
sitely charged ions or between ions and neutral molecules. 

Electrostatic Association 

The importance of that part of equation 106 which we have neglected 
also depends upon the nearness of approach of oppositely charged ions. 
The “higher terms” of the series expansion of equation 107 have been 
treated by Bjerrum, by MuUer, by Gronwall and La Mer, and by Fuoss 
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and Kraus^^' Bjerrum^s treatment, which has been extended by 

Fuoss and Kraus, is the most enlightening. If equation 103 be applied to 
obtain the number of ions per unit thickness of a spherical shell at the limit 
of zero ionic strength, it yields 

nl « 47rr'c, - (167) 

This function, n*, passes through a minimum at 

r = -iziZh/2hTD = a'. (168) 

For two ions with charges of the same sign the minimum occurs at a nega- 
tive distance and has no physical significance. The number of ions near a 
given ion of the same charge is always less than the number in an equal 
volume at a greater distance. If the charges have opposite signs, how- 
ever, the distance a' is positive, and the number within a spherical shell 
increases rapidly as the distance decreases beyond a' until it suddenly 
drops to zero at the distance a because of the mechanical repulsion. 

The number of ions at or near the minimum distance is so small that it is 
permissible to neglect them and to divide the ions sharply into two classes, 
those which are at distances smaller than ol and those which are at larger 
distances. In sufficiently dilute solutions the chance that more than one 
ion is at a smaller distance is negligibly small, and all other ions will be 
at a distance so very much larger that they may be considered as equi- 
distant from this ion and the central ion. This is equivalent to saying that 
the two have associated to form a complex of valence {zi + z^. Bjerrum 
calculates the constant for this association from the total number at a dis- 
tance larger than a but smaller than a! as 

since the concentration in moles per liter is (7 = 1000c*/A^. For purposes 
of integration the variable is changed to y = - iZ{Zk/kTDr = 2a' /r to give 

/*2a' /a 

K « 0,032TiVa^' dy (170) 

Bjerrum extends to higher concentrations by calculating from the Debye- 
Hiickel equation (the first of equation 138) with size a' rather than a 
activity coefficients for the unassociated ions and for the complex if its 
charge is not zero. The effect is neglected if a' is less than a, that is for 
large ion pairs of the opposite sign and for all pairs of the same sign. When 


rrTT n /tnnaS 
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Zi ^ Zk or when there are more than two ion species, a constant is calcu- 
lated for each type of association. The fact that these constants may be 
calculated from electrostatic theory and ion sizes and valences shows that 
the a^ociation is very different from that of weak electrolytes such as the 
carboxylic acids. The effect on the thermodynamic properties is the same, 
however, so that it is impossible to be sure that a measured association is 
electix^tatic because it leads to a reasonable size by Bjerrum^s method of 
calculation. If the calculated size is not reasonable, on the other hand, 
we may be sure that part of the effect, at least, is not electrostatic. 

The methods of Miiller^® and of Gronwall and La Me/® of determining 
the * 'higher term^^ correction are more mathematical and do not lead to an 
arbitrary size of, above which the correction is neglected. However, calcu- 
lated by the other methods, the correction is small for sizes larger than the 
a* of Bjerrum’s method* 

Gimtelberg-Miiller Charging Process 

If the effect of the ions on the volume and on the dielectric constant is 
neglected, it is simpler to obtain the first term of equation 138 by another 
charging process found independently by Guntelberg®® and by Mulle/®. 
Instead of transferring all the ions, the transfer is limited to positive 
ions and negative ions. So the second charging process is carried out 
at constant k. Then equation 126 is replaced by 

w: - iehyDo)ll/hi - Ko/H ^Koa)]\d\ 

Jx^ (171) 

« Xi(vi^zy2Do)[l/bi - «o/(l -f Koa)] 

and 

-Xi(yieVi/2DQ)Ko/(l + /coC) (172) 

But TFe - if! is - m!«, and ZiViz] « so equation 172 is the same 

^J;he first term of equation 138. This charging process gives a somewhat 
differmt answer from that obtained with the Debye charging process for 
in the expansion of the Boltzmann exponential. 
Neith^ need be right for the conditions of integrability are not fulfilled for 
th^e higher terms. The Guntelberg-Miiller charging process is particu- 
larly useful for the study of the effect of symmetrical ions on unsymmetrical 
ions or on chpolar ions, for which no other treatment has been found, and 
for which the treatment has been limited to the first two terms of the 

BAnoa Avnuneinn tV.A,.A Jo t,a xl., ju; , 
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In water solutions at room temperature, a' is — 3.6a+2_ Angstroms. 
The electrostatic association is not large for any univalent ions, and it is 
quite negligible for the amino acid ions. We might expect a measurable 
effect for protein ions with large charges, but not with those which exist in 
appreciable concentrations near the isoelectric point. In all these cases 
we might expect the effect of “higher terms” to be much smaller than the 
effects of the lack of spherical symmetry which are discussed in chapter 12. 

Chemical Equilibria 

We may now return to the equilibria in which chemical reactions are 
involved. We shall be particularly interested in homogeneous reactions of 
the type 

B + hH^ A 

This includes the formation of any binary compound, for which A »= 1, 
and also the acid-base equilibrium for any polyvalent acid, base or ampho- 
lyte, for which H is the hydrogen ion and h may have any positive, integral 
value. For this case its application should be limited to solutions con- 
taining suflScient water to make unimportant the formation of water by 
the reaction 

-h - ^'(HsO)a + + a)HjO. 

Equation 37 becomes 

In {A)/{B){Hf - In if' » In Z + In (173) 

in which {A), {B) and {H) are the concentrations of the corresponding 
species. If the concentrations (A), (B) and (H) are not expressed as mole 
fractions, there will be factors in each y to correct to these units. These 
will cancel in and ya. If the concentrations are expressed in moles per 
liter of solution, the correction for an ideal solution will be 

In Kr/K - Mn (ya)x - A In {V^/Yl) (174) 

in which Fa is 7, the total volume, divided by 'Zflu, the total number of 
moles including those of the solvent, and Fa is Fa for the standard state. 
If the concentrations are expressed in moles per kilogram of solvent, Fa is 
replaced by the mass of solvent in one total mole of solution. For an 
infinitely dilute solution. Fa may be replaced by the average molecular 
weight of the solvent. , This correction has almost always been made for 
calculations of chemical equilibrium, but almost never for calculations of 
rofoa nf rpnrt.inTiH n.lf.hoiKrb t.bpsft riftlfflilatinns are also based on eouation 
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In some ways the treatment of the last term of equation 173 is simpler 
than the treatment of its component parts, In 7 ^, etc. The volume of 
B '■hh His not very different from that of A, and effects which depend upon 
displacement of the solvent do not depend much upon the extent of the 
reaction* Conversely, the extent of the reaction, and therefore In does 
not vary much because of non-electrolyte reactions or salting-out. Large 
changes in equilibria appear to result from changes in ionic charges, or in 
dipole moments if the moments are very large as in dipolar ions, or the 
dipole is very near the surface as in the hydroxyl, amino or other groups 
which lead to hydrogen bonds, or sometimes in moments higher than the 
dipole if these are very large. We shall confine our attention to the effects 
which have been discussed in this chapter. 

If we assume that the ions are all spherical and with the same collision 
diameter a, 


In — In jfiT = In yBy^IjA 

_\ Do/yhs bff hA/ 1 


2RTD 

Since 


4 * Ka 


(zUhzl-zl) 


(176) 


Za ^ Zb + hzs (176) 

4 + hzl - 4 = ~[2kzBZir + h(h - 1)4] (177) 

If A ■= 1, this becomes 

4 + hzl - 4 = -2zBZn (178) 

If B and H are spheres and h = 1, it is probably more accurate to look 
upon A as made up of two spheres separated by a distance r. The activity 
coefficient for such a n\odel may be obtained by assuming that 

In yayalyA. = In Cr/C^ ( 179 ) 

m which C, is the concentration of at a distance r from a B molecule 
and is the concentration at an infinite distance. If r is not less than a 
equations 103 and 117 yield ’ 


\nyBy„/yB = Z^\. 


RTr [ 50 +^ 


~Do_ 


(180) 


The expre^on do^ not vary much with a when a is approximately equal 
to r, and it is a sufficiently good approximation to take a = r, which yields 
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This effect of changing ionic strength is only a crude approximation for the 
two sphere model because the mutual interaction of the two ion atmos-* 
pheres is neglected^^’ The error does not affect the limiting law, but it 
does become more serious the higher the salt concentration. This effect 
is the same as that in equation 175 for spheres with equal collision diam- 
eters. The effect of changing dielectric constant is not the same for equa- 
tions 176 and 181. Either gives correctly the effect for the corresponding 
model in a continuous medium of uniform dielectric constant, and the two 
may be made to give the same numerical result by the appropriate choice 
of parameters. It is probably more accurate to use for A the ellipsoidal 
model described in Chapter 12. 

We are often interested in reactions involving the hydrogen ion when the 
hydrogen ion activity is assumed to be determined. If we let H represent 
the hydrogen ion, we may obtain from equation 173 


In (A) /(B) ^ In if" + hln In K + hln + In 7 ^/ 7 ^ (182) 


K" differs from if' in that it lacks the activity coefficient of the hydrogen 
ion. The proton is so small that in this case it is probably permitted to 
assume that A and B have the same size and shape if they are hydrated to 
the same extent, and we will assume them to be spheres of radius b and 
collision diameter a. Then by equation 175 


In Jf"-lnif «ln7///7^ 


2RfD 


h(2zn + h) 
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1 -4" kq 


(183) 


The usefulness of this equation for calculating the effect of changing 
medium is limited by the difficulty of determining an iff any but dilute 
aqueous solutions. This difficulty arises both from our inability to inter- 
pret measurements of the electromotive force of a cell with a liquid junc- 
tion between two solvents and from the fact that the hydrogen ion docs not 
exist in solution as a simple proton, H*^’, but is solvated. If there is any 
water present, the hydrogen ion probably exists largely as HaO'*". The 
ratio of two constants is conveniently measured, however, if k is unity for 
each. Then 
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(184) 


The effect of changing ionic strength iwS given by equation 183 or by equa- 
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A better fit may be obtained empirically by adding a term proportional to 
tbe salt concentration similar to that in equation 140, but calculation of 
the constant from theory depends upon the difference in the effects of A 
and B on the dielectric constant as well as on the difference in their valences, 
and it would probably involve a serious error if this were calculated on 
the assumption that the charges are spherically symmetrical in each. The 
existence of this term may limit the application of equation 183 or 184 to 
rather dilute salt solutions. 

For a reaction involving only one hydrogen ion, and within the limits 
o the applicability of equation 183 with D « Do, the effect of increasing 
mmc strength will be to increase the ratio {A)/{B) if zb is :zero or positive, 
u to decree this ratio if Zb is negative. This is important in the effect 

j ^ various valence types. Conversely, if a mixture 

r ^ ^ ^ b^er, increasing ionic strength at a constant ratio 

. , ^ . decrease the hydrogen ion concentration if Zb is zero or posi- 

Tnh the hydrogen ion concentration if is negative. 

flK ? * cnses, the magnitude of the effect increases rapidly with the 
absolute value of Zb, 


f for some purposes to make the comparison always with 

as r? ^ well 

as positive and tahng = o. The equation 183 becomes 


2BTD i 


Tn dilute solutions we may a^ume that Z> = Z)o and that 


xxAix — m iv ~ — /io^\ 

2IiTDl + Ka ™ 

base which reX3 »' “hi « 

and the magnitude of the u “ ^^icreasing ionic strength, 

the isoelectric point increases ^ In 

terested in the activity coefficien/y+h measurements we are in- 

with salt concentration because tLiiSionHhr* 

form varies even if the species J? munionized 

activity coefficient of £ wifi vary as tbn7t -f 

Since 2*U,) is the Ltir' f 
X X, 1.2/4 ™ total concentration of the 
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is obvious that the contribution to the ional concentration corresponds to 
this-valence. Making the same assumptions asjn equation 185, the excess, 
or non-ideal chemical potential per mole of the” h’ih species is 




6 

W 




1 + Kaj 


(187) 


The excess chemical potential per mole of the component is 


MA]/[2A(riA)] (188) 


and the activity coefficient is given by 


In ya ” fia/RT - £>o) ~ f+^J [2AA’(i4A)]/[SA(ri*)] (189) 


which is equal to In y for an ion whose valence is the square root of the last 
factor. The effective valence increases with increasing salt concentration, 
and this will make a appear smaller than for a single ion Ah. 

For simple amino acids the effect is not large. If h can be only 0, +1, 
or -1, the apparent valence at the isoelectric point is 2\/K+K-, which 
is approximately 2 x 10“* for the simple amino acids. as the 

constants are usually written and K+ ~ 1/Ki. For the proteins, however, 
there are so many more dissociating groups, and their constants are so 
much nearer each other that the apparent valence may be great enough 
to .show experimentally a variation of In ya which is linear in the square 
root of the ionic strength. This effective valence may be determined from 
a titration curve. The total concentration of protein, which must be inde- 
pendent of the hydrogen ion concentration, is 


Xh(Ah) - XkKliBXJl-^T 


dlhiAk) 
d In (H+) 


d In (B) 
din (H+) 


Sa / iii:((fi)(H+)* -h KiiBXE^X 

a in 

Sa ^(^.a) 

MAh) 


(190) 


(191) 


( 192 ) 


The change in the net charge is 

« 2A[A*ii:;(B)(H+)* + hK'miEy 
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and the change in net charge per mole of protein is 


1 dSAfiU*) 


2^(4*) d In (H"^) Sj {.Ah) 
Since the solution must be electrically neutral, 


rziACioT 

Ls*(4*)J 


2a / iU;.) _ 

2a(4a) ^ ■ 


■h + 


(OH“) - (H+) 
2a(Aa) 


( 194 ) 


( 195 ) 


— — /*/ 

if a moles of acid and 6 moles of base are added per mole of protein. The 
necMsary conditions are that the volumes of the solution and the activity 
coefficients remain constant during the titration and the titrating acid and 
^^e are completely ionized. They are met approximately in an ordinary 
titration The effective valence of the albumins at the isoelectric point 
appears to be between two and three. 

^ solubility measurements which are 


In. S/ So = —In 


(196) 


/ -U IN ^yt), 

bLrf S?? •“* ™PhoIyl« ■'»« ia oom- 

In S/So = - (In ya + a: In y,) ( 197 ) 

-dTtX fibmt "1 2 

Chemical Kinetics 

certain ““fe* must app,«ch Z 

rapidiy with the temperatuSc^L iTTu'? t 

of such pairs react which have an piia fraction 

average. Probably this enefav mn«f h ^ 

of vibration. Except for very simple “°'*® 

late absolute reaction rates but nr/ are not able to calcu- 

effect Pi ptedia upp„“ Tf' 

Poctton and ,rith J ^2^2, 2,!?!; 
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called the ^ ^energy of activation^\ It is usually assumed that the energy 
necessary for reaction is | constant for any reaction. The energy of 
activation then varies with the temperature only through the relatively 
slight variation of the average energy and it varies not at all with the 
composition. 

Given the reaction 

in which X is the critical complex, it is customary to assume that almost 
every molecule of X formed from B and H goes instantly to E and F, and 
that the number of molecules of E, or F, formed in unit time is propor- 
tional to the very small number of molecules of the critical complex. It is 
further assumed that this critical complex can be treated as though it were 
in thermodynamic equilibrium with the reactants B and H, One justifica- 
tion of this assumption is that there are a large number of complexes, which 
we would designate as A^ which differ very little from X, but which do 
not react. 

The 'first application of the theory was made by Br^nsted^^ to the effect 
of electrolytes upon the rates of reactions between ions. He explained 
why salts increase the rate of some reactions, decrease those of others, and 
have almost no effect upon a third group. Brpnsted^s method is to calcu- 
late the rate as 


-d(B)/dt = hiX) = 

( 198 ) 

We may define the ordinary rate, k', as 


-d{B)/dt = k'{B){H) 

( 199 ) 

and 


k' =■ kysyulyx 

( 200 ) 


If yx is the same as ja for a stable complex of the same configuration 
In {y/k) may be determined from equation 181. Usually /i « 1, so the 
second term of 177 becomes -2zbZh, but In {y /k) may probably be deter- 
mined more accurately from equation 181.^^’ From either of these 
equations it is obvious that an increase of the ionic strength increases the 
rate of reaction if B and H have charges of the same sign, decreases the 
rate if their charges have opposite signs, and has no effect, as far as these 
equations go, if either charge is 2 ;ero. This accounts qualitatively for 
Br0nsted^8 results. The quantitative expression differs a little from the 

nTlOinftl nriA nf t>lr/5incf nrl Iir'ht/i.l't .1 
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HtickeL It is also clear that an increase of dielectric constant has an 
effect of the same sign as an increase of the ionic strength. This effect is 
linear in the reciprocal of the dielectric constant and depends upon the dis- 
tance of approach r. Reasoning such as that which leads to equation 181 
can give a rough qualitative picture of the variation of the rate of reaction 
between an ion and a neutral molecule with varying ionic strength and 
with varying dielectric constant^^, but no very definite results can be 
reached beyond those of equation 181 or 175, or the more accurate models 
of Chapter 12. There is one case which is very interesting although it is 
diflScult to establish that any particular reaction is of this type. It is the 
case of neutral reactants and an ionic or dipolar critical complex, and 
In {¥/k) differs from equation 181 by In 
Effects which we usually describe as catalytic are probably of quite a 
different nature from those described in equation 181, although either 
changing dielectric constant or changing ionic strength may change the^ 
rate at least several hundred fold. A catalyst usually forms a new critical 
complex with the reactants, which often, although not necessarily, has a 
much smaller energy of activation than the critical complex without the, 
catalyst. We are not yet in position to explain either the great catalytic 
effect or the marked specificity in enz 3 une reactions. 

The material covered in this chapter is so extensive that it has been 
necessa^ to give the th€rmod3mamics veiy briefly, except for a few sections 
of particular interest in protein chemistry, and to limit the physical theory 
to the simplest possible model in moderately dilute solutions. The treat- 
ment of this model serves as an illustration of our methods of developing 
physical theories, and it does give a surprisingly good approximation of the 
b^avior of simple ions and non-electrolytes. The treatment of amino 
acids in the chapters which follow requires one important extension of the 
simple^ theory. The distribution of the charges within dipolar ions must be 
taken into account in the study of their interactions with ions, with simple 
non-^Iectrolytes, and with each other. This and more complicated models 
will be treated theoretically in Chapter 12. 

^ Steam, A. E., and Eyring, H., /. Chem. Phytica, 5, 113 (1937). 



Chapter 4 

Dipolar Ions and Acid-Base Equilibria 

By John T. Edsalh 

The dipolar ions considered in this book may be formed, by intra- 
molecular proton shifts, from uncharged isomers of lower dipole moment. 
Thus glycine may exist either as the dipolar ion, ■’'HaN-CHs-COO", or as 
the “uncharged molecule,” HjN-CHj-COOH, and either of these forms 
may go over into the other through interchange of a proton between the 
carboxyl and the amino group'. 

The position of the equilibrium' between the dipolar ion and the un- 
charged molecule depends on the acidic aifd basic properties of the groups 
involved. Thus the aliphatic amino acids in water exist almost entirely 
in the dipolar ionic form; the amino-benzoic acids as a mixture of the two 
forms, both in considerable amount; and the aminophenols almost entirely 
in the uncharged form. To obtain a basis for predicting the behavior 
of any particular type of compound, the nature of the acid-base equilibria 
involved must be more precisely formulated. 

Probably the most satisfactory basis for such a formulation is Brdnsted’s’ 
theory of acids and bases. According to BrSnsted’s conception, an acid 
is any substance capable of giving up a proton, such as CHiCOOH, the 
NH? ion, or the ethylene diammonium ion, A 

base is any substance capable of taking up a proton, such as the CH»COO'“ 
ion, ammonia, or the hydroxyl ion. For every acid (A) there is a con- 

1 In the case of the betaincy and their isomers, it ia a char/^id alkyl sroup which is interuhan.tted rather than 
a proton. For example, betaine (N-trinmthyl Klycino) and its wjomor, dimethyl glycino methyl «»iter, are both 
stable compound.*! at room tem{H:rabure. The mter when h(iate<i above itu boilioK point at iSS'*, undergoes 
an intramolecular rearrangornenl ?tnd pasises over into the betaine. The latter molUi at 203”^ and on melting 
undergoes the rcverwi traruiformation into the 

293 * 

+(CHi)aN CHa-COO- ; - (CHa)jN-CHrCOOCHi 

134 " 

Similar relatione nro known for a number of other l>etaine3 (See K. Willatiitter, JBer. 35, 584 (1902) ; B. WlUat&iter 
and W, Kahn. Her. 37, 401 (lfK)4)),. 

The mechunutm of tlu.'jH) intramolecular rearrangementa, and the mi^nitude of the free energy change 
involved at variouii temnaraiure^. are ntibieotii callirur for inveatiiration. The betaines and the isomerlo Mters 
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jugate base (B), obtained from it by the removal of a proton, according 

to the reaction 

Thus we may write for acetic acid 

CHsCOOH CHjCOO" + H+ 
its acid dissociation constant being 

K (CH3C00~)(H+) ( 1 ) 

^ ~ (GHjCOOH) 

Similarly for the ammonium ion 

NHt;=iNH, + H+ 

^ (H+)(NH3) 

"" (NH?) 

These equations are incomplete in one respect. The proton cannot exist 
as such in appreciable quantity in any solution. Immediately upon being 
liberated from an acid, it must combine with one of the bases present. 
In aqueous solutions the solvent water acts as a- base: 

H20 + H-^;=tH 30 + 

The reactions given above may, therefore, be written more precisely 
CHSCOOH + H 2 O CHsCOQ-* -{- H 3 O+ and 

In dilute aqueous solution, however, we may use expressions such as 
equations 1 and 2 above, remembering that (H^) really denotes the 
activity of the HsO*^ (hydronium) ion; while the water molecule, 
which plays an essential part in the acid-base equilibrium, is omitted from 
the mass law equation because its concentration is so large as to be essen- 
tially constant throughout the reaction. We shall, therefore, employ 
dissociation constants written in the same form as 1 and 2 throughout the 
present discussion. 

According to this definition, an acid or base may carry an electric charge 
which is positive, jzero, or negative. Table 1 , giving some acids and their 
conjugate bases, illustrates this point. 

It is clear that a given molecule or ion may function both as an acid and 
as a base; and that a given acid carries a charge always one unit more 
positive (or less negative) than that of the conjugate base. 

In general, individual acidic ermina o a , 
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1 gives rise to negatively charged, type 2 to uncharged basic groups. The 
total charge of any molecule or ion depends on the number and state of 
the acidic or basic groups which it. carries, 

Bronsted^s treatment is immediately applicable to acid-base equilibria 
in any solvent. During the first part of this chapter, however, we shall 
confine our attention to dilute aqueous solutions, subsequently considering 
the important influence of variation in the solvent on the equilibrium be- 
tween dipolar ions and uncharged molecules. 

To be capable of forming a dipolar ion, a substance must contain at 
least two acidic groups in strongly acid solution; at least one group must 
be of the uncharged type and at least one of the cationic type; that is, 
the molecule must be an amphoteric substance or ampholyte. Further- 
more, if the substance is to exist in the isoelectric state as a dipolar ion, 
not as an uncharged molecule, the acidity of the uncharged acid group must 
be greater than that of the cationic group,. 

These general considerations may be illustrated by the particular case 
of glycine, the simplest of the . aliphatic amino acids. In strongly acid 


Table 1 


Acid Nefc Charge 

+H3N-CHrCHrNHt +2 

+H3N*CHrCHrNIb 4*1 

HOOC-COOH 0 

HOOC‘COO“ -1 


Base Net Charge 

+H,N-CHrCHrNH2 +1 

H,N-CHj-CHrNH2 0 

HOOCCOO- -1 

-OOCCOO- -2 


solutions, glycine exists in the form of the cation • CHjCOOH. 
On the addition of a base, such as hydroxyl ion, both the carboxyl and the 
ammonium group tend to give up a proton to the base. Which will do so 
more readily? 

The acidic dissociation constant of the carboxyl group in acetic acid is 
approximately 10"^'®, and the presence of the adjoining positively charged 
-NH^ group in the glycine cation might be expected to repel a proton 
from the carboxyl group and thereby increase acid dissociation. The 
acid dissociation constant of the methylammonium ion on the other hand 
is about nearly a million times weaker than that of the carboxyl 

group. The first dissociation constant of glycine, Ki, is found to be 

(R+) 

where (R**) stands for the concentration of glycine cation, and (R) for that 
of isoelectric glycine. This value of 10“*'*' is comprehensible as repre- 
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it should be due to the ionization of the ammonium as 

tion constant of glycine is nearly three hundred * “ ^Cca^ 
that of the methyl-ammonium ion. The presence of tt igo. 

boxyl group could not account for such -a gigantic effec , . 

electric glycine must contain an ionized carboxyl group, an is, j 

This arpiment is essentially identical with that originally 
by Adams^ and Bjerrum^ to prove the dipolar ionic structure of the aliphatic 
amino acids. It remains one of the most powerful and convincing ol au 
the arguments in favor of this structure. 

Themodynamic Dissociation Constants of the Amino Acids 

To make these considerations more precise, we may now consider some 
very exact values for the dissociation constants of certain amino acids 
at various temperatures. These have been determined by measurement 
of the electromotive force of concentration cells without liquid junction. 
For the determination of the first dissociation constant 

(H*')C^3N-R-C00n 

' (+H 3 N.R.COOH) 

(quantities in brackets refer to activities) 
cells of the type: 


Ki 


(3a) 


Hi 


Amino Acid (mi) 

4* 

Amino Acid HCl (ntt) 


AgCl 


Ag 


were employed. For the measurement of the second dissociation constant, 

^ (H+)(HsN-RCOO-) 

(+H,N.R.COO-) 

the cells were of the type: 


Hi 


Amino Acid (mi) 

+ 

Amino Acid M salt (wij) 

4. "*■ 

M‘*'cr 


AgCl 


Ag 


(where M"*" is generally Na"^ or K^) 

The principles of the method are due to Harned* and will not be treated 
here. This method is capable of far greater accuracy than ordinary 
measurements on the hydrogen, quinhydrone or glass electrodes which 
involve liquid junctions. Thus Earned and Ehlers* have determined the 
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dissociation constant of acetic acid in water at 26° as 1.754 X 10“® (pK « 
4.766), while Macinnes and Shedlovsky^ have obtained from very ac- 
curate conductivity measurements the value 1.753 X 10~®. The pK 


Table 2. Constants in Thermodynamic Equations for Amino Acids (0® to 60®C.; 

Calculated from the data of B. B. Owen and P. K. Smith, A- C. Taylor and E. R. 
B. Smith by R. A. Robinson and E. R. B. Smith, from the equations of H. S. Harned 
and R. A. Robinson, Tram. Faraday Soc,, 36, 973 (1940) . 

pK - - C' + D'T 

aF" « A - Cr + DT* ” -RT In K 
» A - DT<‘ 

ACt » -2DT 
AS* » C - 2DT 

P “ ^ - 2-303B 



Temperature of maximum ionization, Tma* *« 


pK at r «» 

Tm»Xi Pl^max 

2VI^ 

- C' 




Amino Aeid 

A' 

C' 

D' 

A 

C 

D 

Olydne pKi 

1300.53 

6.6277 

.011792 

6940.98 

25.2894 

.063949 

Glycine pK«. 

3163.69 

3.5246 

.0090223 

14474.01 

16.1262 

.0412772 

<d|-Aianine pKi 

1383.06 

6.3630 

.0136616 

6327.56 

29.1161 

.062502 

dl-Aknine pK» 


1.8171 

.(K)60946 

13467.71 

8.3133 

.027882 

<tt-«-Amino*n-Bufcyric pKi.. 

1174.74 

6.3736 

,012487 

6374.48 

24.6840 

.067129 

dl«<r>Amino>n-Butyrie pKi. . 

3879.81 

1.6446 

.0060946 

13172.96 

7.6242 

.027882 

«U-«>Aixuno«n-Valer}C pKi. . . 

1223.02 

6.5238 

.012563 

6590.79 

26.2716 

.057430 

d/>o<Amino-n-V&lenc pK*, . . 


-.1669 

.0028693 

11980,06 

-.7836 

.013127 

dl-Norleuoine pKi 

1103.80 

15 . 2 m 

.012130 

6469.40 

24.170 

.066406 

di-Norleucine pK* 

......... 2861.89 

1.2891 

.006218 

13047.62 

5.8977 

.023872 

0 -AminO'iBobutyric pKi. . . . . 

1344.96 

6.3053 

.013924 

6163.20 

28.8470 

.063703 

0 >Amino*isobutyric pKt 

3010.96 

1.5404 

.006520 

13776.66 

7.0474 

.026264 

dl-Valine pKi 

1245.31 

6.0251 

.013868 

6697.34 

27,666 

.068447 

dl-VidinepKa 

......... 2770.46 

1.1033 

.005066 

12702.42 

6.0477 

.023131 

<ii<Leueine pKj.... 

......... 1283,60 

6.0027 

.013606 

6872.52 

27.4626 

.061786 

dl’Leitdine pK# 

2819,38 

1.2396 

.006127 

12808.76 

5.6713 

.023466 

dfMsoleucino pKi 

1298.09 

6.1967 

.013959 

6938.81 

28.3602 

.063863 

cU-Isoleucine pK*. ........... 

2933.62 

2.0479 

.006678 

13420.97 

9.3693 

.(00094 


values for the amino acids are not quite so accurate as this; but Smith, 
Taylor and Smith* conclude that “the results in the acid solutions are 
probably consistent to within ±0.006 pK, the results in the alkaline solu- 
tions beins: perhaps less accurate.” 
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Tablb 2a. Thekmodtnamic Functions for Amino Acids at 25° Calculated from 
THE Equations Given in Table 2 

Data of B . B. Owen, /. Am. Chen. Soc., 66, 24 (1934) (glycipe) ; and of P, K. Smith, 
A. C. Taylor and E. R. B. Smith, J. Biol Chem., 122, 109 (1937) (other ammo acids). 


Amino Acid 

Glycine pKi 

Glycine pKs 

pK 

... 2.350 

.... 9.778 

AF® 

3205 

13336 

AH" 

1156 

10806 

AS" 

-6.9 

-8.6 

ACp" 

-32.0 

-24.6 

Alanine pKi 

Alanine pKa 

.... 2.348 

... 9.867 

3203 

13458 

773 

10980 

-8.2 

-8.3 

-37.2 

-16,6 

a-Amino-n-Butyric pKi 

a-Ainino*n-Bu6yric pKa 

... 2.284 

... 9.831 

3123 

13408 

298 

10695 

-9.5 

-9.1 

-34.0 

-16.6 

a-Amino-n-Valeric pKi 

ce-Amino-n-Yaleric pK 2 

... 2.318 

... 9.806 

3161 

13375 

487 

10834 

-9.0 

-8.6 

-34.2 

-7.8 

Norleucine pKi... 

Norleucine pK 2 

. . . 2.334 

... 9.833 

3183 

13410 

528 

10926 

-8.9 

-8.3 

-33.0 

-14.2 

a~Aminoisobutyric pKi 

«-Aminoisobutyric pKa 

. . . 2.357 

... 10.206 

3215 

13919 

492 

11531 

-9.1 

-8.0 

-38.0 

-15.0 

Valine pKi 

Valine pKa... 

. .. 2,286 
... 9.718 

3118 

13264 

59 

10647 

-10.3 

-8.8 

-37.7 

-13,8 

Leucine pKi 

Leucine pK^ 

... 2.329 

... 9.747 

3176 

13293 

382 

10814 

-8.4 

-8.3 

-36.8 

-13.3 

Isoleucine pKi 

Isoleucine pKj. 

... 2.319 

... 9.754 

3163 

13303 

264 

10747 

-.9.7 

-8.6 

-38.0 

-17.9 


aF*’ and AH° in calories per mole ; aS° and ACj,° in cal deg^^ mole"! 


oo accurate calorimetric measurement, J. M. Sturtevant [/. Am. Chem. Soc., 63, 
88 (1941)] finds for glycine AHi = 930 cals/mole and = 107-V ' 
value Ahb “ 2771 and the value of H. S. Harned and B. B. 0 ^ “ .V- . 25 ;>* 

0939)] of AH^ — 13480 cals/mole for the reaction n ! I . ■ 2.“ . \\-. 
Sturtevant [J- Am. Chem. Soc. 64, 762 (1942)], with further improved technique, has 
ob^ned for df-alamne AfTi = 615 and AHi « 10960 cals/mole. 

The values in this table differ slightly from those prcviousiv rcnoriod bv Smith 
ccnn|mt^t' ^^(*^^^^^2)^^^ difference in the; lorm (‘f ilic oqua'ion used for ilul 


Table 3. pK Valpbb for Trivalent Amino Acids at 25°, from Cells without 

Liquid Junction 


Amino Acid pKi 

Aspartic acid 2.01 (a-COOH) 

Argiuine 1.807 (-COOH) 

Ornithine 1.705 (-COOH) 


pKj 

9.842 (-NH,+) 

ri*^'^r’***^*'*“r 

Vdues from A. 0. Batchelder and C. L. A. Schmidt, J.' Physical Chem., 44 ! 893 


pKj 

3.895 (/3-COOH) 
9.01 (-NH,+) 
8.690 (a-NH,+) 


(1940). 


All the amino acids studied by these authors were of the monoamino- 
monocarhoxylic type. The values given in Table 2a reveal that th« nir 
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values are very similar indeed for all the substances studied. The extreme 
variation of pKi values at 25° is 0.07 (between 2.284 for a-amino-n-butyric 
acid and valine, and 2.357 for a-amino-isobutyric acid). On the other 
hand, the pK 2 values show a much more marked variation, the extreme 
values at 25° lying at 9.72, for valine, and 10.20 for a-aminoisobutyric 
acid. If the latter substance be omitted, however, all the pKg values at 
25° lie in the range 9.79 db 0.08. a-Amino-isobutyric acid is the only 
substance yet studied having two methyl groups on the a-carbon atom; 
its peculiar behavior may be connected with this structure. Otherwise 
there is no obvious relation between pK and structure; a fact which is 
not surprising, since all these molecules differ only with respect to the 
number of methylene groups attached to the a-carbon atom, 

The variation with temperature of all these pK values may be described 
in terms of an equation developed by Earned and Embree^*^. In a modi- 
fied form, this is 

pK = pK„,a*. + const. - Tf (4) 

where Tmax. is the temperature of maximum ionization and pKjnax. is the 
pK value at that temperature. The constant in 4 has the value 6 X 10“^ 
for the pfei values of the amino acids, and 10 X 10'“^ for the pK 2 values. 
Values of Tmax. and pKmax. for the various amino acids were listed by 
Smith, Taylor and Smith®. 

The data in Tables 2 and 2a, however, are described in terms of a dif- 
ferent equation, recently employed by Earned and Robinson^®"'. 

AF° « -^RT In iC « 2,303 iJTpK - A - CT + jDT' (5^ 

A, C and D are empirical constants. Equation 6 gives a distinctly better 
fit to the experimental data than does 4, for both fatty acids and amino 
acids. 

The heats of ionization, AE?, and AE?, are determined from the tem- 
perature coefficients of the ionization constants by the familiar equation 
of van^t Hoff^^ 

= - 2.303 RT'^ ^ ( 6 ) 

oT oT 

310 Earned, H. S., and Emhrcp. TT. D., J". Am. Chem. Soc., 56, 1050 (1934). For a critical diaoussion of thia 
equation, ana otlxn;- seiatcd lo it. hm* K. Pifczer, J. Am, Chem. Soc., 59, 2366 (1937); R, W. Gurney, J, Cham, 
Payaics, 6, 499 K. C. ibid., 7, 961 (1939^ D. H. Everett and W. P. K. Wynne-Jonea, Trann 

Faraday Soc,. la-jd (103'J). 

Earned, H. &,, and Robinson, R. A., Tram. Faraday Soc,, 36, 973 (1940). 

^ AH I is the heat absorbed, at constant pressure and temperature, in the reaction, 
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Froni 5 and 6 we obtain 

A- Dt (5a) 

and ^nations for other thermodynamic functions in these solutions are 
obtained (Table 2). The temperature of maximum ionization 
(at which dpK/dT = 0) is given by equation 5 as 

» U/Df!^ (5b) 

equations 5a and 5b that AH^ - 0 at f . It is ap- 
^ “ Table 2, that T,na.. is much greater 
2 0 e ammo acids than for pKi. For pKi this characteristic 

E 4. Chaeactehistic H^ts of Ionization for Various Groups 
IN Calories per Mole 

Substance Temp. Alfx 


Substance 


Temp. A/fi 


Acetic acid. . 


acia 

Succinic acid (jfto 
Succinic acid (k/) , 

Phenol 20 

Resorcin 20 

Hydroquinone. .... ’ . * 


..a. 25® 

-13 

.... 25® 

-112 

....25® 

-168 

.... 25® 

-691 

.... 13® 

+495 

... 25® 

+710 

... 25® 

-340 

2. Phenolic Groi 

...20® 

+6100 

...20® 

+7000 

... 18® 

+5900 


Maleic acid (Kj) 25® 

Maleic acid (Kj) 25® 

Fumaric acid (Ai) 25® 

Fumaric acid (Ks) 25® 

d-Tartaric acid (Ki) 20® 

d-Tartaric acid (Aj). . . . 20® 


+210 

+1280 

+900 

-980 

+800 

+2000 


3. Ammonium Groups RNH,+-K*NH, 4- H+ 

iV^moiuum • 25® 4-t9finn * m. . 2 ^ 

- • 20" 20® 


«*^uyiammomum.... 20® +nfvvi 20® +76(K) 

Fthylammonimn 20® P^Pendmmm.. 20® +12800 

+S 20« 

inmethylammonium. 20® +8500 

ata {torn Landolt^Bttrnstein and International Critical Table®. 

forpK,ltTs\bouU00“h?S 

a maximum at the high temperaturP^n^ 
the consta-nts in equf^nTam 

tween 0» and 60°, !nd there is no tw!^^ be- 

would describe the data adequately armt^hT"* 

this it follows that Aff! at orHiL * T ^ *®”“Pei'ature8). From 

values between 10,700 and 11,100 cals “ “[I ’®0 eals; the ifl; 
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similar earlier data) by Kolthoff'^ Ebert^® and Webe^^^ Data on heats 
of ionization, indeed, often yield decisive evidence as to the nature of an 
ionizing group in a more complex molecule, as will be illustrated in the 
later discussion. 

Dissociation Constants from Cells with Liquid Junction 

The great majority of dissociation constants hitherto measured for 
amino acids, and all measurements yet made on peptides, were obtained 
from hydrogen electrodes involving cells with liquid junctions, generally 
of the type 

amino acid solution m 

H 2 + sat. KCl sat. or ^ KOI HgCl Hg 

acid or base 

The potential of such a cell is 'primarily determined by the hydrogen 
ion activity (or concentration) in the amino acid solution; but there is in- 
evitably also a potential difference — generally small, but significant— at 
the junction between the amino acid and the KCl solution. The exact 
evaluation of this liquid junction potential is a formidable problem^®, 
which is far from being completely solved. Furthermore, the great ma- 
jority of the measurements hitherto made were at a fixed finite ionic 
strength, without any attempt to extrapolate them to infinite dilution. 
Thus the constants determined are '^apparent dissociation constants^^ pK'. 
If A is an acid and B is its conjugate base, then the apparent acid dissocia- 
tion constant is 

pK'-pH + log^ -pK + logl2 (7) 

Ob yA 

where the y's denote the activity coefficients, which depend on the charge 
type and the chemical structure of A and and vary with the ionic 
strength and the dielectric constant of the solvent. 

In spite of the uncertainties and limitations of measurements involving 
liquid junction potentials, these data (Table 5) are of major importance. 
They give values which in general agree within 0.1 in pH with the more 
accurate values from cells without liquid junction (Table 2); and they 
have been extended to a vast variety of molecules, unstudied by any other 
method. Thus they furnish the chief basis for determining the state of 

« KoltKoff, I. M., Rec. Trav, Chim, Pay$-Ba8, 44, 68 (1926). 

» Ebert, L., Z, Phyttik. Chem., 121. 386 (1929). 

M Weber, H. H., Biochem, Z„ 218, 1 (1930). 

Taylor, P. B., J. Phya. Chem,. 31, 1478 (1927); Clark, W. M*, BetermitMlion of Hydrogen Ions/’ 
3rd edition, BiUtimore, 1928, eap^lally Chapter XXIII. ^ Chapter 3 of this book. ^ 
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Table 5. Appaeent Dissociation Constants of Amino and 

Eelated Substances Determined prom EMJ) measur 
Cells with Liquid Junction at io 
A. Substances Containing One Amino and One Carboxyl Croup 

T 


Glydne 

Alanine 

ffi-AtcdiiO-n-butyric acid — 
Oi^-a-aminobntyrio add. . . 

Valine 

a-Aaino-n-valeric add 

Leudne. 

Isoleucine 

Korleudne 

Serine.... 

Proline 

Oxyproline 

Phenylalanine 

Tryptophane 

Methionine 

Isoserine . } 

Hydroay valine...... 

Taurine 

/5-Alanine. \ 

'y-Ajnino-n-valeric add 

a-Amino-n-valeric add 

e-Atnino-n-caproio acid 

<t)-Ainino-n-dodecanoio add. 


Glycine amide 

Glutamine CY>amide).... 
Asparagice 05-amide) . , . . 
^-Hydroxyasparagine. . . . 
isoglutamine (a-amlde). 
isoasparagicic (<x-amide) 
ft-HydroxyaSparagine. . . 


Glycylglydne. 


Glycjdalanine 

Glycylleucine 

Glycylvallne 

Alanylalanine 

Alanylglycine 

a-Aminobutyryl-a-aminobutyric acid. 

Glycylproline 

Alanyiproline. 

Alanyldiglycine 

Glycylalanylalanylglycine 

Leucyl-octaglyoylglydne 

Phenyialanylglydne. 

Triglydne 

m-4.. 1 


1 . Amino acids 


5 

2.34 

9.60 

6.97 


2.34 

9.69 

6.00 

6 

2.55 

9.60 

6,08 

5 

2.71 

9.62 

6.16 

14 

2.32 

9.62 

6.96 

6 

2.36 

9.72 

6.04 

14 

2.36 

9.60 

5.98 

14 

2.36 

9.68 

6.02 

14 

,2.39 

9.78 

6.08 

14 

2.21 

9.15 

5.6S 

* 

1.99 

10.60 

6.30 

* 

1.92 

9.73 

5.83 

* 

1.83 

9.13 

5.48 

18 

2,38 

9.39 

6.89 

6 

2.28 

9.21 

6.74 

6 

2.78 

9.27 

6.02 

4 

2.61 

9.71 

6,15 

1 

1.5(S03H) 

8.74 

6.12 

18a 

3.60 

10.19 

6.90 

18a 

4.02 

10.40 

7.21 

16 

4.270** 

10.766** 

7.618 

6a 

4.43 

10,75 

7,89 

18 

4.648 


~ 

mino acid amides 

22 

— 

7.93 


13 

2.17 

9.13 

. 6.66 

3 

2.02 

8.80 

6.41 

3 

2.12 

8.28 

6.19 

13 

3.81 

7.88 

5.S5 

13 

2.97 

8.02 

5.50 

3 

2.31 

7.17 

4.74 

3. Peptides 

* 

3.06 

8.13 

5.60 

10 

3.12 

8.17 , 

6.65 

16 

3\083** 

8.266** 

6.674 

* 

3.15 

8,25 

6.70 

♦ 

3.18 

8.20 

5.73 

* 

3J7 

8.25 

6.71 

* 

3,17 

8.42 

5.79 

* 

3.11 

8.18 

5.64 

... 19(at20*) 

3.04 , 

8.39 

5.72 

13 

2.84 

8.53 , 

6.66 

... 13 

3.04 

8.38 

6.71 

... 19 (at 20“) 

3.21 

8.15 

6.68 

* 

3.30 

7.93 

5.02 

... 19 (at 20") 

(2.2?) 

(7.84) 

.(6.03) 

10 

3.10 - 

7.71 

6.41 

» 

3,26 

7.91 

6.66 

« 

Q nK 

*7 '7K 

K iA 



Table 5 — Continued 


4. Amino acids and 'peptides containing methylated amino groups 


Substance 

Reference 

pKi'(COOH) 

pK/ 

(Amino) 

pi ~ pM 

Sarcosine 

12 

2.23 

10.01 

8.12 

Sarcosylglycine 

12 

3.10 

8.51 

5.80 

Glycyl-sarcoaine 

12 

2.83 

8.64 

5.08 

Sarcosylsaroosino 

12 

2.86 

9.10 

5.98 

N-dimethylglycine 

He 

1.94 

9.86 

5.90 

Betaine 

20 

1.84 

Very large 

— 


B. Amino Acids and Peptides with One Amino, One Carboxyl and One or More 
Phenolic or Sulfhydryl Groups 


Substance 

Reference 

pKi' 

pKi' 

pKa' 

pi 


(COOH) 

Z-Tyrosine 

21 

2.20 

9.11 (NHa-^) 

10.07 (OH) 

6.66 

Diiodo-Z-tyrosine 

21 

2.12 

6.48 (OH) 

7.82 (NH 3 +) 

4.29 

• Dibromo-Z-tyrosine 

21 

2.17 

6.46 (OH) 

7.60 CNH 3 +) 

4.30 

Dicbloro-Z-tyrosine — 

21 ' 

2.12 

6.47 (OH) 

7,62 (NHa-»-) 

4.29 




j 

' 9.88 (OH) 

6.61 

3, 4-dihydroxyplienyla!anine,., . 

14 

2.36 

8.68 (NHa-^) 1 

11.68 (OH) 


Glycyltyrosine 

8 

2.98 

8.40 (NH 3 +) 

10.40 (OH) 

5.69 

Tyrosyltyrosine 

8 

3.62 

7.68 (NHa+) | 

' 9.80 (OH) 

10,26 (OH) 

5.60 

Cysteine 

. natSO") 

1.96 1 

fs.is (NH,+) 1 

10.28 (SH) 

f6,07 


2 

1.71** 1 

,8.33**(NH3+) i 

10.78**(SH) 

\6.02 

Cyateinyloy steine 

t 

2.86 

7.27 (NHa+) J 

[9.36 (SH) 

\10.86 (SH) 

4.96 

‘ For 

aflpaj^tyltyrosine and tyrosylarginine, see below 


C. Substances Containing Two or 

More Carboxylic Groups and One Basic Group 

Substance 

Refer- pKi' pKj' pKa^ 

ence (COOH) (COOH) 

pK*' 

px 

Aspartic acid 

.. 14 1.88 

3,66 

9.60 (NH*+) 


2.77 

Glutamic acid..., 

.. 14 2.19 

4.26 

9.67 (NHs^) 


3.22 


16 2,166** 4.324** 9.960**(NH3+) 


3.24 

/?«Hydro3cy glutamic acid 

.. 14 2.33 

4.24 

9.56 (NHa*^) 


3,29 

Glycylaspartic acid 

* x 2.81 

4.46 

8.60 (NH«+) 


3.03 

Aapartylglycine 

.. • 2.10 

4.63 

9.07 (NH8+) 


3,31 

Aspartylaspartio acid 

.. 7 2,70 

3.40 

4.70 (COOH) 

8,26 (NH 3 +) 

3.04 

Glutaminylglyoine 

. 13 3.16 


7,52 (NHa-»') 


— 

Glutaminylglutamic acid 

,.13 3.14 

4.38 

7.62 (NH8+) 



Aspartyltyrosine 

. 10 2.13 

3,67 

8.92 (NHa-*) 

10.23 (OH) 

2.86 

a-Aminotricarballylio acid. .... 
Glycyl-a-amino-tricarballylic 

. U 2.10 

3.60 

4.60 (COOH) 

9.82 (NH3-<-} 

2.87 

acid 

.. 11 2.70 

4.10 

5.36 (COOH) 

8.32 (NHa-^) 

3,41 

Glutathione. 

, t 2.12 

3.63 

8.66 (NH8+) 

9,12 (SS) 

2.83 


D. Substances Containing One Carboxyl Group and More than One Basic Group 


Substance 

Ref- pKi' 
erence (COOH) 

pKa' 

pIC*^ 

pKi' 

px 

Histidinet 

.... 18 

1.82 

6,00 (Xm) 

9,17 


7.69 

Argininet 

• 

2.17 

9.04 (NHi*^) 

12,48 (Guan.) 


10.76 

Ornithine. 

.... 17 

1.94 

8.66 (NHa^*) 

10.70 (NH 8 +) 


9.70 

Lysine. 

* 

2.18 

8,96 («NHa+) 

10.63 (€NH 3 +) 

— 

9.74 

a,Z?“Dmminopropiomc acid,.. 

.... 9 

1.33 

6.80 (aNH 3 +) 

9.60 03NH3+) 


8.20 

Histldylhistidine, 

.... 7 

2.26 

6.60 (Im) 

6.80 (HH 8 +) 

7.80 (NHs ') 

7,30 

Histidylglycine 

.... 10 

2.40 

6,80 (Im) 

7.82 (KH 8 +) 


6.81 

1 -Methyl histidine 

.... 23 

1.69 

6.48 (Im) 

8.86 (NH 3 +) 


7.67 

Carnosine, 

.... 23 

2.64 

6.83 (Im) 

9.51 (NH 3 +) 


8.17 

Anserine,. 

.... 23 

2.64 

7.04 (Im) 

9.49 (NH 8 +) 


8.27 

Lysyl-lysine 

.... 10 

1.96 

8,17 (NH 3 +) 

9,46 (NH 8 +) 

10,63 (NHi+) 

10.04 
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Table B--Continued 

'E. Substances Containing Two Carboxylic and Two Amino Groups (Tetrapoles) 


Substance 

Referen<» 

pKi' 

(COOH) 

pKi' 

(COOH) 

pKi' 

(NHi+) 

pKi' 

(NH*+) 

pI«®pM 


16a 

1.65 

2.26 

7.85 

9.85 

5.05 

Cystine 

2a (at 30") 

<1.00 

1.7 

7,48 

9.02 

4.60 


2 

1.04"" 

2.05"" 

8.00"" 

10.25"" 

5.03 

Lysyl|;lutMttic add 

10 

2.93 

4.47 

7.75 

10.50 

6.10 

Di^ycylcystine 

..... Ha (at 35') 

2.71 

2.71 

7.94 

7.94 

5.33 

Cystinyldiglycine 

11a (at 35") 

3.12 

3.12 

6.30 

6.95 

4.74 

Cystinyldi-diglydne. 

Ha (at 35") 

3.21 

3.21 

6.01 

6.87 

4.61 

tt-Aspsrtylhistidine 

Hb(at38") 

2.45 

3.02 

6,82 (Im) 

7.98 

4.92 

If-Aapartylhis tidine 

Hb(at38") 

1.93 

2.95 

6.93 (Im) 

8.73 

4.94 


pKs' in the aspartylhiatidine corresponds to the imidazole group 

The pK values as given in Table 6 denote what H. S. Simms [/. Am. Chem, Soc,^ 
1239 (1926)1 has denoted the “titration constants” (denoted in his terminology 
by pG) rather than the traditional “dissociation constant8*\ Where the distinction 
18 important the discussion of Simms and the papers from which our pK values are 
^ken should be consulted. See also the discussion of titration constant in Chapter 
w of this book, pi denotes pH of isoelectric point, pM denotes pH of maximum 
charge. 

t B^tinga etaL (unpublished). 

and Hwris (Bwhem. 24, 564 (1930)] give pKi *-2.l8, pK» » 9.09, pK* « 13.2 at 23" for arginine; 
for teidine th^ pve pKi - 1.78, pKt « 5.97. pK» - 8.97. 

‘rei Mteriak are taken from the compilation by E. J. Cohn, Ergihn. d, Phytiolp 35, 

(1929) references are also given by Kirk and Schmidt, Univ., of CWU. Publication, 7, 57 

•* Denotes pK values calculated by extrapolation of observed measurements to zero ionio strength. 

Supplementary References, in addition to those cited in the Ergehnisu d. PAyswI., 83, 781 (1931). 

m Borsook, ElUs ^d Huffman, /. Biol. Chem., 117, 281 (1937). 

Biochem. J.,21, 1384 (1927). 

(3) Ciubnall and Cannan, Biochem. J., 24, 945 (1930). 

(4) Caametaky and Schmidt, J. Biol. Chem., 92, 453 (1931). 

2337 (1933). 

(0) Emerson; Kirk and Schmidt, /. Biol. Chem.. 92. 449 11931) 

(7) Greenstein. J. Biol. Chem., 93, 479 (1931) " ^ 

(8) Greenstein, J. Biol. Chem., 95, 465 (1932). 

(9) Greenstein, J. Biol. Chem., 96, 499 (1932). 

(10) Greens^n, J. Biol. Chem., 101, 603 (1933). 

Joseph, J. Biol Chem., 110, 619 (1935). 

/} iS? 9^”**®*'* Klei^rer and Wyman, /. Biol Chem., 129, 681 (1939). 
lliAi Memperer, J. Biot Chem., 128, 246 (1939^ ^ ^ 

Roy. Soc, London A 78, 101 (1906-07). 

/li? Simm and Pfaltz, J. Biol Chem., 61,^5 (1924). 

JfaiviUe and Rus^dron, htocAem. 29, 187 (1935). ^ 

®>ad ^hmidt, J. Biol Chem., 90. 185 (1931). 

115) Neu^ger, Biochem. J., 30,.2086 (1936). ^ 


o r ' jI’ 4 . ocimuaii, ^ . isxoi. IN 

A^pleman and Kirk, J. Biol 
Strache, Biochem. 


t, Chem., 81. 723 ; 85. 137 (1929). 


m w55rrrB;;.:Mr2S“ <«“>• 


Si ”• Phyeiol, 18. 889 (1936). 

rir * u -Soc., 59. 2346 (1937). 

(23) Deutsch and Eggleton, Biochem, J., 32, 209 (1938). 


ionmtion of a given molecule at a given pH level, and for the correlation 
ot dissociation constant and structure (Chapter 5)^^ 





and carboxylic groups, the assignment can be made unequivocally on the 
basis of the discussion already given. For substances containing phenolic, 



Figure 1. Curves constructed on the basis of the constants: histidine, pGi «= 1.77, 
pGi' * 6.10, pGa' « 9.18; histidyl-histidine, pGi' * 2.25, pGj' » 5.60, pGa' « 6.80, 
pG/ » 7.80. # indicates histidyl -histidine; O, histidine. FromGreenstein, J. P., 
J. BioL Chem., 93, 479 (1931). 


knowledge of the behavior of these groups in simpler compounds. A 
discussion of this and many other related points is given in Chapter 5. 

The titration curves of the monoamino-monocarboxylic amino acids 
and peptides always show two widely separated regions of marked buf- 
fering power, and a broad intermediate zone in which the curve is nearly 
flat. As the number ^of ionizing groups is increased, the curves spread 
out over a wider range; introduction of imidazole groups in the histidine 
peptides gives rise to buffering power in the neutral pH range; so that 
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give titration curves qualitatively very similar to those of proteins. (Figs. 
1 and 2.) This problem is further discussed in Chapter 20. 



Apparent Heats of Ionization of Amino Acids and Peptides 

Apparent dissociation constants at two or more different temperatures 
have been determined for a number of amino acids and peptides. From 
the temperature coefScient of pE', the “apparent heat of ionization” 
AH' may be calculated by the van’t Hoff equation, if it be assumed that 
the heat of ionization is independent of the temperature, over the range 
of measurement (Table 6). 

These apparent heats of ionization agree well in order of magnitude with 
the much more exact values given in Table 2. The values for the carboxyl 
group range between +2100 and -1300 calories per mole; for the amino 
group between +10,000 and +13,300— except for the amino group in 
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Table 6. Apparent Heats of Ionization op Amino-Acids and Peptides 
AH' (in Calories per Mole) 


Ionizing Group 


Substance 


Glycine* 

a- Alanine* 

cK-Amino-n-butyric acid®. . 
Oxy-a-amino-n-butyric 

acid® 

Valine® 

Oxy valine® 

Glycylglycine*^® 

Glycyl -alanine* 

Phenylalanyl-glycine^® . . . 

Diiodo-Z-tyrosine^i 

Dibromo-i-tyrosine®^ 

Dichloro-if-tyrosine^i . . . . . 

Histidine* 

Histidyl-glycine^® 


Lysine* 


Car- 

boxyl 

0 

-450 

1200 

1600 

-300 

-1300 

-600 

-600 

680 

980 

1700 

1140 

1200 

300 

300 


Lysyl-lysine^®, 


Aspartic acid* 

Aspar tyl-tyrosine . 


f(pK0 

l(pK.) 


Imida- 

zole 


Phe- 
nolic OH 


6900 

7500 


810 

860 

1420 


2000 — 

1000 — 

450 — 

0 — 

1600 

2100 — 

760 

0 — 


6000 


6200 


Ammo- 

nium 

10,700 

11,600 

13.100 

12.100 
10,600 
10,700 
10,000 
11,100 
10,000 

8,790 
9,120 
8,830 
9,400 
10,800 
rCpKa) 11,600 
UpKa) 11,360 
f(pK2) 12,700 
(pKa) 11,350 
UpK4) 13,300 
11,200 
10,160 
10,600 

11,200 

10,160 


11,200 


[(pKs) 10,600 

KpF' 


Guani- 

dine 


12,400 

11,950 

13,000 


Glutamic acid* I® S - 

Lysylglutamicacid>o _ __ \(pK.) li;950 

The reference numbers are the same as in Table 6. The values marked * are taken 
from the compilation by E. J. Cohn, Ergehnwe d. Physiol,, 33, 781 (1931). 

The above values are calculated from the temperature coefficient of the pK' values 
by the relation: 


AH* 


A(R ]nK) 
a/T) ' 

If pK' measurements are made at 0° and at 26° (as for most of the substances recorded 
here), this becomes 


-Air « 14,940(pK^co - pKja). 


If the measurements were made at 25° and at 40° (as was the case for the dihalo- 
genated tyrosines), the formula becomes: 


-Air - 28,490(pK;oo pKnu). 


The values given for glycylglycine are those of Branch and Miyamoto (Cohn, 
Ergebnisse), The later measurements of Greenstein (10) give AH'(COOH) as +680, 
and A/f'(NH3’‘*) as 10,300 calories per mole. 


is near 7000. For the phenolic en'oup in tvrosvl-arffinine and asnartvl- 
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These represent the most marked deviations from T 

of the groups found ; evidently they are intimately bound up wi ® „ 

of halogenation on the benzene ring, and call for further stu y. e 
values for the guanidine group (around 12,500) are even hig er 
fehe amino g:roup; on account of the high alkalinity at which t e 
of this group must be studied, these values are probably less accura e an 
thcMse for the other groups reported. 

The accuracy of these values is, in any case, not extremely nig 
parison with the exact values of Table 2 shows a discrepancy in A i or 
alanine of 1250 cals/mole, for instance, and for pK 2 of a-amino-n-butync 
acid of 2500 cals/mole. The error in most cases is smaller than this, how- 
ever, and probably seldom exceeds 1(KK) cals/mole. In spite of all uncer- 
tainties, the data of Table 6 furnish a most valuable guide to the behavior 
of the molecules concerned, and to the nature of the groups ionizing at 
various pH values. Similar studies on compounds whose structure is not 
exactly known should provide important information regarding structure. 
Wyman's studies on hemoglobin and other studies on proteins (Chapter 20) 
have already shown the power of the method in analyzing the titration 
curves of proteins. 

Isoelectric Points of Amino Acids and Peptides 

In strongly acid solution, all amino acids and peptides are positively 
charged and migrate as cations in an electric field; in strongly alkaline 
solution all are negatively charged and migrate as anions. For any such 
substance, therefore, some intermediate pH value may be found where the 
average net charge on the ampholyte molecules is zero and no net move- 
ment toward either pole will occur. This pH value is known as the iso- 
electric point (pi) of the ampholyte. 

Following the classical treatment of Michaelis^® we may readily calcu- 
late the isoelectric point of a simple ampholyte with two acidic groups 
from its dissociation constants. The condition for the isoelectric state 
is that the average net charge per molecule of ampholyte in the solution 
should be zero; that is that the number of cations (R"^) be equal to the 
number of anions (R*"), assuming that both ions have approximately the 
same mobility. In terms of the dissociation constants (letting R represent 
the concentration of molecules with zero net charge) 
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Whence 

(Hf)' = or ( 9 ) 

(Bi) denoting the hydrogen ion concentration at the isoelectric point. 

This treatment is strictly valid only at infinite dilution where the 
activities are equal to the concentrations. At finite concentrations, how- 
ever, the same equation is valid if we replace Ki and Kz by the apparent 
constants K[ and The values of Ki and however, are functions 
not only of the concentration of the ampholyte itself, but of the ionic 
strength and of the chemical nature of the solvent medium. The K' 
values used, therefore, must be those valid for the particular state of the 
system under consideration. 

Actually, for most simple ampholytes of this type, such as glycine or 
glycyl-glycine, pKi and pKa are so far apart that there is not merely an 
isoelectric point, but a broad zone of pH values in which the ampholyte is 
practically isoelectric. In glycine, for instance, the concentration of [R'^] 
and [R”"] is less than one per cent of that of [R"^] at all pH values between 
4.3 and 7.7. 

The same form of treatment may be readily extended to more complex 
ampholytes. As the condition for the isoelectric state, we again assume 
that the average net charge per molecule of ampholyte shall be zero; that 
is, that the sum of all the positive charges on the ampholyte molecules 
shall equal the sum of all the negative charges. 

For an ampholyte which can acquire a maximum positive charge of m 
units in strongly acid solution, and a maximum negative charge of n units 
in strongly alkaline solution, the condition for the isoelectric state is thus: 

fn(Rm+) + (iu — l)(R(wi—i)+) 4* * ’ • 2(R2+) 4- (R+) 

( 10 ) 

(IL.) 4- 2(R2_) 4. * • • (n — l)(R(n-i)...) 4- ^-(Rn.) 


where (Rw+) denotes the concentration of the ions carrying m positive 
charges, and so. forth. In most amino acids, peptides and proteins, m is 
the total number of imidazole, guanidine, and free amino groups in the 
molecule; n is the number of free carboxyl, phenolic and sulfhydryl groups. 

The dissociation constants of the ampholyte may be written as 


Ki 


(H’^)(R(^t)^) 

(RmO 


. ^ ‘ _ (H+)(Rx+) . ^ 


(E^+) 


_ mCRiJ. (H+)(R,J 

rv. /"n \ ' ' ' 7 171*4*2 


(R) 


(Ri.) 


;K, 


m-f-n 


(H+)(R) 

(Ri+) 

(H-*-)(R„_) 

(R(n-1)_) 


(H) 



92 PROTEINS, AMINO ACIDS AND PEPTIDES 

In terms of (H'*') and the K’s, equation 10 may be rewritten as 

m(R*r , 2(H+)' . (H+) 

... KiKz. 


K„ 


+ 


K„,-lK„ ^ K; 


HfB+l j I Em-^n 

W) (H+)2 " (H+)'' 


( 12 ) 


This may be rearranged, for convenience, into the form 


Off 

K, 


H 


, , 2(H+) , 3(H+)® , 

' T;r TJT Tjr 1 


/ 1 r , 3 .Z^}rt 4*2 . 

( "r ^YTT-LN > TtttTTo r 


^(H+) 


(13) 


, . (H+) (H+)2 . , 

If Km-i > 2(H'^) and (H*^) > 2Km+t , all the terms involving (H”^) in 
the parentheses are small compared to 1, and as an approximation we 
may write for the isoelectric point^® 

(H?)“ = ErX,.^^ or pHi = (14) 

These conditions are fulfilled for all amino acids and peptides yet studied. 
Thus, for cystine (m = n = 2), equation 13 becomes 

Ki ) (H+)V^(H+)y 

From the data of Borsook, Ellis and Huffman^® pKi = 1.04, pKa = 2.05> 
pKs = 8.00; pK4 = 10.25. 

The approximate equation 14 gives pHr = (2.05 + 8.00) /2 = 5 03- 
(Bt) = 10“'-“. ^ 1 V . T ,/ 

If we substitute this approximate value of (H^) as a trial value in the 
expressions in brackets in equation 15, and solve to obtain a more exact 
value for (Hj ), we obtain 

/tt+n2 _ jr jr /l.000012\ 

^ \To002 ) 

which IS indistinguishable from the approximate value.. The same equa- 
tion (15) and the same conclusions hold also for lysylglutamic acid, 
becomi «-amino tricarballylic acid“ m = 1, n = 3, and equation 13 

(H+) 


lina: tt Q I- 

114, n ' : ■. y y 


5!^ = A 4. 2^3 ^ ^EsKA 
El (H+) V ^ (H+) (H+)2 / 
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The pK values are pKi = 2.10, pKj = 3.60, pKa == 4.60, pKi = 9.82. 
The value of (Ht) must lie somewhere between Ki and K^, hence it is ap- 
parent at once that the last term on the right hand side is negligible. The 
approximate equation 14 gives pHi = 2.85. Substituting this value for (H"^) 
into the parenthesis, and solving again w^ obtain pHi = 2.843; so even in 
this rather unfavorable case the correction term is only -0.007. 

For the dibasic acids, histidine, arginine, and lysine, m ■= 2, n = 1, and 
equation 13 becomes 



and it may readily be seen from the pK values in Table 5 that the approxi- 
mate equation pHi = P - — ^ holds within the limits of accuracy of the 
experimental measurements. 

Here again the equations as written are strictly valid only at infinite 
dilution; at finite concentrations we must substitute for each K the corre- 
sponding appropriate value of 

The only quantities needed in this treatment are the values of m and n, 
and the experimentally determined K values. It is unnecessary to estab- 
lish any correlation between the values of K and the nature of the indi- 
vidual ionizing groups. 

Net Charge and Total Charge on Ampholyte Molecules: The Point of 

Maximum Charge 

The study of dipolar ions has revealed the necessity of distinguishing 
between the total charge of a molecule and its net charge^^ Thus the total 
charge on a glycine molecule is a maximum (« 2) at its isoelectric point,' 
while its net charge (zero) is a minimum at this point. Let us consider 
now the general case of an ampholyte in strongly acid solution, where it 
carries its maximum net positive charge. Addition of an equivalent of 
base will cause removal of a proton from one of the groups present. If the 
removal occurs from an uncharged acidic group, the total charge increases 
by one; if from a cationic group, the total charge decreases by one; the net 
charge decreases by one in either case. Consider for example the suc- 
cessive steps in the ionization of dicarboxylic amino acids. 

Of the three different possible isoelectric forms represented below, (A) 
will predominate, since a proton tends to dissociate more readily from the 
oj-carboxyl group (strengthened by the positive charge on the ammonium 
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Dissociation of Dicarboxylic Acids 


pH 2.0 

pH 4.0 

fCOOH 

j 


pH 7.0 

fCOO- ] 

j 


R— NH+ (A) 

1 


R— NHJ- (AO 

1 


COO- (a) 


COO- (a) 

COOH 

1 

COO- 


COOH 

1 

R— NHj- 

1 

j 

R— NH+ (B) 

1 


R-NH, (BO 

1 

COOH (a) 

COOH («) 


COO- (a) 


COOH 


COO- 

1 


j 

R— NH, (C) 


R-NH, (CO 

1 


ioOH (a) , 


COOH (a) , 

Net charge 1 

0 

-1 

Total charge 1 

2, 2, or 0 

3, 1, or 1 


pH 10.0 


coo- 


;H+ + R— NHs 

ioo- («) 


-2 
2 

group) than from the distal carboxyl or the ammonium group. The distal 
carboxyl dissociates next, giving rise to the form (AO, which therefore is 
present in much larger amount than are B' and C'. k! is clearly the form 
of maximum charge; and the dicarboxylic amino acids therefore carry a 
maximum total charge when the net charge on the molecule is -1. 

We may now evaluate approximately the pH of maximum total charge, 
making the assumption that the forms (C), (B') and (C') above are present 
in negligible amounts. Then we may write for the three dissociation con- 
stants of a dicarboxylic acid 

The symbols are chosen so as to denote the total charge carried by each 
ionic form. The average total charge, Q, per molecule of ampholyte is 

^ _ (R+) + 2(R*) + 3{Ri) + 2(R-) 

(R+) + (R*) + (Ri) + (R“) 

In terms of and the K’s, this becomes 


(19) 


Q 


, , 2Ki ^ 3KiKi , 2KiKiKi 




irr- 
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At the point of maximum charge, Q is a maximum and - -vgr x 0- On 

0(^X1. J 

differentiation, it is found that this condition is satisfied by the relation 

, , 4if2 , ZKiKz , KxKlKi 

+ w + “(H?r 

Since (H"^ at the point of maximum charge must lie between Bit and Kz , 

the terms 1 and are small in comparison with the others on the 

lefthand side. Omitting them, and rearranging, we obtain for the point 
of maximum charge, (Hm) : 

/■0‘4‘\2 K.x1K.7.K^ /OON 

(Hm) (^2) 

Since in general Ki > 4(Hm) for these substances, this assumes approxi- 
mately the simple form^^ 

(H£) - VM or pHm - (23) 

An exactly similar treatment may be given for the dibasic amino acids. 
Here the successive steps in dissociation may be represented by the sdheme 


t KAO 


OKA) 


H++ + (BO + (B)?=iH++ 0 


o)(C0 

0 / 


S (C, 


where the sets of three figures in parentheses denote, reading upward: 
(1) charge on the carboxyl groups: zero or minus; (2) charge on a-amino 
group: zero or plus; (3) charge on eamino, guanidino^or imidazole group: 
zero or plus. The state of maximum charge corresponds to the predomi- 

/■b\ . . ‘ 

nance of the form I 4** 1, which is produced when the isoelectric ampholyte 


has combined with one mole of acid. The approximate equation for the 
point of maximum charge is 


nlC. M nfv- 
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The total charge on an ampholyte molecule is important because it 
largely determines the electrical interaction between the ampholyte and 
the adjacent solvent molecules. Thus the electrostriction (see Chapter 7) 
produced by the ampholyte is in general a maximum at the point of 
maximum charge. Likewise the careful studies of Pertizofif^^ on the optical 
rotation of aspartic and glutamic acids and their salts have shown that the 
change of specific rotation with concentration (m) is greatest for the acid 
salts. ^The same rule appears to hold for both aspartic and glutamic 
acids: the slope of the curves giving (a) as a function of m or 's/m is 
directly proportional to the number of charges^^ (^^p. 159). Further study 
may be expected to reveal other situations in which the concepts of total 
charge and maximum charge are of importance. 

These considerations are incomplete in one important respect. In de- 
riving the equations for the point of maximum charge, we have considered 
only one of the possible isoelectric forms of the ampholyte. Even the 
simplest amino acids, however, exist in two isoelectric forms — the dipolar 
ion and the uncharged molecule. More complicated ampholytes also give 
rise to a variety of dipolar ionic forms. All these forms are in equilibrium 
with each other, and we shall now set forth a method for evaluating the 
relative amounts of these different forms in the equilibrium mixture. 

The Equilibrium Between Dipolar Ions and Uncharged Molecules 

We may consider first the simple monoamino-monocarboxylic acids and 
peptides. Here only two isoelectric forms are involved. These may pass 
into one another either by intramolecular rearrangement, or by interchange 
of protons with water molecules and with other acids and bases in the 
system. 

The ratio of their activities may be denoted by Kz 

(R*) _ CHaN-R-COO-) ,, 

(R) “■ (H 2 N.R.COOH) ~ 

In an infinitely dilute aqueous solution of the amino acid, which will be 
taken as the standard state in all that follows, is equal to- the ratio ®f 
the concentrations (or mole fractions) of dipolar ions and uncharged mole- 
cules in solution. In any other state, at the same temperature and pres- 
sure, Kz is by definition the activity ratio of the two forms. The value of 
this constant is thus an important index of many physico-chemical prop- 
erties of the system containing the amino acid. 

^ The most satisfactory method available for the determination of Kz 
IS one due to Ebert which involves a comparison of the dissociation 
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cation (K'*’) of the amino acid may give off a hydrogen ion from either the 
carboxyl or the charged amino group; thus two dissociation constants are 
involved 




= ifA 


(26) 






(27) 


(R+) (R+) 

Likewise each of the two isoelectric forms may give off a hydrogen ion to 
form the amino acid anion 

(H+)(R-)_^ (H+)(R“) 


( 28 ) 


(R±) 

In terms of these constants, then, 

(R*) 


(R) 


K 


D 


ii:z = 


(R) 


Kb 


Kc 


(29) 


(30) 


The dissociation constants, as determined directly by titration, are re- 
lated as follows to the constants given above 

(H+)[(R*) -f- (R)] 


Kx 


Ki 


(R+) 

(H+)(R-) 


Ki^ + KB 


1 . 

K^ 


i +-1 

Kc Ky, 


(31a) 


(31b) 


[(R±) + (R)] ’ 

K\ and K% can be determined by direct experiment. If we know in 
addition any one of the four constants K^, K^, Kq and Ko, the values of 
the other three are uniquely determined by equations 30, 31a and 31b. 
Of these constants, Kb can be determined as the dissociation constant of 
the methyl or ethyl ester of the amino acid in question, if we assume that 
the — COOH group is identical with the — COOCH 3 or — COOCsHs group 
in its effect on the dissociation of a neighboring group. That this assump- 
tion is a close approximation to the truth has been shown by Weg- 
scheider.^®’ We assume, then, 

„ _ (HjN-R-COOH)(H''-) _ (H2N-R-00002H5)(H'^) _ 

® ” (+H3N-R'C00H)” (+H3N-R-COOC2H6) ® ^ 

In contrast to the earlier equations, which are exact, equation 32 is only 
approximate. Assuming Kb = K^, however, we may derive from Equa- 
tions 26-31 inclusive the following relations : 

KiKi KiKi 

Kb 

« Wegsoheider, R., Momlah., U, 163 (1895); 23, 287 (1902). 


Ki^^Kx- Kb Kb 


Kc 


Kx-Kb 


(33) 
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K 1 K 2 “ Kx^C ®“ K’qKj) 

and for K% 

^ Kj, Kk^Ki (35) 

Hence, if Ki is very much larger than Ks (which proves to be the case for 
all the aliphatic amino acids) we have, as a close approximation 

Kz - JCi/Ke (36) and log Kz - pKe - pKi (37) 


and likewise 

Kjy^KiKz (38) and pKn - pKj - log Kz (39) 
For the aminobenzoic acids, however, the conditions for this approxi- 
mation do not hold, and equation 35 must be employed. 

The data at present available on amino acids which have been studied 
by this method are set forth in Table 7. 

It is clear that the values of Kz are very great for all the aliphatic amino 
acids, ranging from about 40,000 for glycylglycine to nearly 1,000,000 for 
eaminocaproic acid. In spite of some uncertainty as to the accuracy of 
the assumptions involved in this evaluation of Kz , they can leave no doubt 
that the dipolar ion is overwhelmingly predominant in all these solutions. 
The aminobenzoic acids present a marked contrast to the aliphatic amino 
acids. The values of Kz for all of them are not far from unity. The meta 
acid, however, is seen to exist predominantly as a dipolar ion in water; 
the ortho and para acids predominantly as uncharged molecules. This 
characteristic difference between the three isomeric acids is also shown 
clearly by measurements of dielectric constant (Chapter 6) and of apparent 
molal volume (Chapter 7) . The underlying factors determining this differ- 
ence between the meta acids on the one hand and the ortko md para on 
the other are discussed in Chapter 5. 

The values of pKo (about 4.3 for the a-amino acids as compared to 4.8 
for the unsubstituted fatty acids) represent the effect of an uncharged 
amino group on the dissociation of a neighboring carboxyl. Evidently the 
amino group produces a moderate increase in the acidity of the carboxyl 
(in the aliphatic amino acids but not in the aminobenzoic acids); a result 
in accord with the views of Vorlander“ and Adams®. The calculated values 
of pKi> are somewhat uncertain, owing to the nature of the theory by which 
they are derived; but the uncertainty is hardly great enough to invalidate 
this conclusion. . (See also Chapter 5, Table 4.) 

Several other systematic relationships emerge from the table. In the 

- - * •’ ' • 11 .1 i» 1 1 . . , , 
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identical dissociation constants (pKs = 7.7 d= 0.1), regardless of the 
length of the attached carbon chain, a result to be expected from known 
data on other homologous series. The enormous effect of the — COOCjHs 
group (and presumably therefore of the — COOH group) in decreasing the 
basicity of the amino group is clearly revealed. A primary amine is 
approximately a thousand times as strong a base as the ester of an a-amino 


Table 7. Loqahithmic Dissociation Constants of Amino Acids and Theik Esteks 

IN Water at 25® 


Substance 

pKi 

pKs 

P^Ester 

logJCg « 

pKd 

1, Glycine 

2,31 

9.72 

7.73 (ethyl) 

6.42 

4.30 

2. a-Alanine 

2,39 

9,72 

7.66 (methyl) 
7.80 

6.41 

4.31 

3, a-Amino-n-Butyric 

Acid 

2.56 

9.60 

7.71 

5.16 

4.44 

4. Leucine 

2,34 

9.64 

7.63 

6.29 

4.35 

6. d-alanine 

3,60 

10,19 

9.13 

5.53 

4.66 

6. 7 -Amino-n-Butyric 

Acid 

4.23 

10,43 

9.71 

5.48 

4.96 

7. 8-Amino-n-Valeric 

Acid 

4.27 

10.77 

10.15 

6.88 

4.89 

8. €-Amino~n-Caproic 

Acid 

4.43 

10.75 

10.37 

.6.94 

4.81 

9. Glycylglvcine 

10. o-Aminobenssoic Acid . . 

3.14 

8.07 

7.76 

4.61 

3.46 

2.03 

4.98 

2.09 

-~0.70 

4.92 

11. m-Aminobenzoic Acid . 

3.04 

4.79 

3.56 

+0.36 

4.27 

12. ®-Amino benzoic Acid. 

2.32 

4,92 

2.38 

-0.87 

4.86 

13, N-dimethyl-o-Amino- 

benzoic Acid. 

1.4 

8.42 

5.66 

+4.1 

4.3 

pK Values of Dicarboxylic Acids and Their Esters 


14. Aspartic Acid 



«COOH 
. 2.08 

Distal COOH 
3.87 

-NHa+ 

9,85 

15, Diethyl Aspartate. . . . , . 



— 

, — 

6.6 

16. Glutamic Acid 

....... 


. 2.165 

4.324 

0.960 

17. a-Ethyl Hydrogen Glutamate.. 


, — 

3.846 

7.838 

18. 7 -Ethyl Hydrogen Glutamate,. 


. 2,148 

-i- 

9.19 

19. Ethyl Glutamate 



— 

, — 

7.036 


References: Nos, I, 2, 3, 4, 5, 8« 14, 15: EdtMuU and Blanchard, J, Am. Chem. 8oc,, 55, 2337 (1933). Nos, 

6 and 7: Neuberger, Proc. Ron, Sac. London (A), 158, 68 (1937) whera new data on Klycylglyclno and its ethyl 
cater are also given. Nos. 10 and 1 1 : Cumming. Proc, Roy. Soc, London (A), 78, 138 (190^7). No. 12: John- 
ston. Proc. Roy. Roc. London (A), 78, 101 (11K)6-(I7). No. 13; Erlsall and Wyman, J. Am. Chem. Soc., 57. 1964 
(1935). Noa. 10, 17. 18, and 19: Nciibergcr, liiochern. 30. 2085 (1936). 

The papeia by Gumming and Johnston, here cited, contain a large amount of further data on methylated 
aminobensoic acids and their esters. 


acid This effect is so great that even the charged COO“ group in the 
amino acids reduces ten-fold the basicity of a neighboring amino group, 
although the electrostatic effect of the negative charge on the group would 
in itself work powerfully in the opposite direction (Chapter 6). 

As the distance between the amino group and the — COOCjHb group 
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approximately represented by an equation first developed by Macinnes** 
winch is (in our notation) 

m ich pK„ is the dissociation constant, when the substituent is at an 
mte distance along the carbon chain’'’, S is a constant characteristic of 
tne substituent, and d (the “distance”) is taken as the number of carbon 
a oms separating the dissociating group from the substituent. For the 

ammo acid esters, equation 40 becomes 

pK' = 10.8 - (3.0/d) (41) 

equation to hold for a variety of substituents, 

^ shown that it applies approximately to both dissociating 
^oups m the amino acids. In Fig. 3 we have plotted pKj , pK. , and pK^ 

Q f ^ ^ amino acids and their esters, utilizing Schmidt's 

® a-imiio acids (to which we have added our .own determinations 
thA ®'Cid). The figure shows also the values of the pH of 

and th A (^^^culated from the equation pi = (pKi +■ pKj) /2) 

distance bX^fthfgmC”^^ ^ 

Vd is small, 

tion wher^A this devia- 

have been largely fevSf^* dissociating group are close together, 

approach of charged groups produced by the 

energy should be closely related to le Potential 

tion of the Lw„r. ^ 

charged sphere, at whose surface f h dissociating group as a 

alter the value of the potential to ’ ’ * *®ta»ces di , dj , . . . 




-V..2J 


(42) 


•r -t ^2 d 

»' «■» ^Ses due to 

several substituent groups (which w treatTS^cr^T^^ oontaining 
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pK' = pK„ - f-' - (43) 

(ll CI2 

Thus for aspartic acid diethyl ester we should calculate, from equations 
40, 41, and 43 

pK' = 10.8 - ^ ^ = 6.3 ■ (44) 

X /j 



€ S y /3 Vrf « 

Figure 3. DisHociation cormtantB and related constantH for amino acids and their 
esters, as a function uf the reciprocal distance between the polar groups, From 
Edsall, J. T,, and Blanchard, M. iL, J, Am, Chem, >SVc,, 55,. 2337 (1033). 

whereas the observed pK' value i.s 0.6. The agreement is as good as could 
be expected, coasidering the uncertainty of the assumptioas made and the 
neglect of the di.stortion effect. Equation 43 is at any rate empirically 
useful in making approximate e,stimate.s of dissociation constants, when 
exact values are unknown. For instance, we may make use of it in 

APiti mfl.f.iTi O' iXiA ti'f'ix/'/'i tm rYilioTc nf Xho iCAAlAAfmo fArtYia a^ ac3ACit*-f ’» a 
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COOH 


CH, 


CHNH,+ 


(A) 


coo- 

I 

CH, 

I 

CHNH,+ 


(B) 


COOH 


CH, 


CHNH, 


(C) 


COOH COOH 

ions, B having a much higher dipole moment 
ariw. mK ^ uncharged molecule. Any one of the three forms may 

CHmn+\ HOOC-CH,- 

volved * Three dissociation constants are therefore in- 

(h-*-)(a) 

Hence 


' Ra. (45) 


(H+)(B) 

(D) 


Kj, (46) 


(D) 


(47) 


^a/(A) ^ Kb/(B) ^ Kc/(C) _ (48) 

in (A) or Si f dissociation of the carboxyl 

for the mono esters of th/?°?^ '^r equation (which holds 

mono esters of the dicarboxyhc acids beyond succinic acid) 

P^cooH « 4,8 - (0.5/d) 

e»oa, asmmi^ . ^ 

2.50 _ 0^ 

1 T 

2.50 0.5 


PKa = 4.8 


■2.05 


pKjl s=a 4.8 — 


■ 3.3 


pKc » pKe - 6.5 

(2.08)."^' B ’anTc aTm ^ Pleasured value of 

molecule is negligible; that fi the higwt pX Sm b“ 

forin A. corresponding to the dipolafio^ ^ appreciable; the 

dominates. ^ simple ammo acids, pre- 

Recently Jfeuberger** has PArviAri 

dissociation constants of glutamic acid^ ^ 
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position to every one with the positive charge in the y position. As in 
aspartic acid, the concentration of uncharged molecules is negligible. 
Numerous other interesting relations between dissociation constant and 
structure have been pointed out in the study by Neuberger. 

A similar calculation may be applied to a dibasic amino acid such as 
lysine which may exist in the three isoelectric forms 


NHa 

NHf 

NHa 

[ 

(CH.)4 

1 

(CH,)4 

1 

{CHa)4 

1 (A) 

1 (B) 

'1 

CHNH,+ 

1 

CHNHj 

1 

CHNHa 

1 

000 “^ 

COO“ 

1 

COOH 


Any one of these may lose a hydrogen ion to form the anion (D) NH* — 
(CHj)! — CHNHj — COO”. The three dissociation constants involved are 
then 

(H+)(D)_ .. . (H+KD) • (H+XD) ^ ,,,, 

(49) (50) (61) 

Hence 

Km - Km “ KdC) (52) 

In estimating pKa and pKs it is probably best to ignore the effect of the 
distant — NH* group on the dissociation of the charged — ^NHjT group, 
which is probably very small and will be about the same for both the 
forms A and B, To obtain the value of pK^ we may then employ Green- 
stein's equation: pKnhi^ " 10.72 - (0.9/d). Hence 

pKa » 10.72 - - 9.8 

pKb » 10.72 - ^ - 10.54 
6 

while pKc may be taken as equal to pEp as de^luced from equation 39 
for the monoamino-monocarboxylic acids; pKg » 4.3 (pEg, it may be 
noted should be approximately equal to the mea.sured value of pEa for 
lysine (10.53) and this is indeed the case). The ratio of A to B to C in 
solution is then roughly, from equation 52, 320,000 to 1,800,000 to 1. 
Here, then, the very highly polar form (B) is predominant. The dielectric 
constants of lysine solutions should be very high, approaching those of 
«-aminocaproic acid (Chapter 6) and lysine may thereby exert an important 
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a negative charge on the carboxyl) predominates even more than e 
corresponding form in lysine. Histidine, on the other hand,. is a less polar 
dipolar ion, similar to the monoamino-monocarboxylic acids. ^ ^ 

In molecules containing a larger number of acidic and basic groups, it is 
obvious that many different forms of dipolar ions may exist. In a compli- 
cated molecule like a protein, indeed, the possible number is extremely 
large, although the number of different forms which exist in appreciable 
quantities is probably relatively small. Further consideration of this M- 
portant question will be deferred to the chapter dealing with the titration 
curves of the proteins and their interpretation (Chapter 20). 


The Effect of Temperature on Kz 

We may estimate this effect by calculating the heat absorbed in the 
reaction • R * COO" H 2 N • R • GOOH. From the data on heats of 

ionization in Table 2, we may write (at 25°) 

^3N-R*C00";:±H2N*R*C00" + H‘'; , , 

(53) 

Ai?(25°) - 10,700 to 11,600 cals/mole 

If we assume that the carboxyl group in HsN ‘R‘COOH is like that in a 
fatty acid, we may write (from the data in Chapter 5, Table 1). 

HaN'R-COO" + H2N-R‘C00H; 

(54) 

AH {25^) ~ 0 to 700 cals/mole 

adding equations 53 and 54 

■^HsN • R • COO“ HjN -R • COOH ; 

(55) 

AH {25°) = 10,700 to 12,300 cals/mole 

Thus a large amount of heat is absorbed when a dipolar ion is trans- 
formed into an uncharged molecule. Hence Kz decreases with rise of 
temperature, being approximately halved for a rise of 10“, according to 
the equation 


^ 5 In Kz _ AH 


( 66 ) 


This temperature effect may be very important in the aminobenzoic 
acids, where Kz is not far from unity; a relatively small shift of tempera- 
ture might determine whether dipolar ions or uncharged molecules pre- 
dominate in their solutions. This would have an important effect on the 
dielectric constant and other properties of the solution. 

mu _ j. — i t .. 
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a-ammo acid, so that AH increases with increasing temperature. The 
mechanism of this heat capacity change is discussed in detail in Chapter 7. 

The Relative Concentrations of Dipolar Ions and Uncharged Molecules 

in Solvents of Lower Dielectric Constant 

Highly polar molecules are most soluble in highly polar solvents; slightly 
polar molecules in less polar or non-polar solvents’*. The electrical free, 
energy of charged groups increases as the dielectric constant of the solvent 
is lowered. Since the free energy of the system as a whole tends to a 
TniniTTiiim (at constant temperature and pressure) dipolar ions in solvents 
of low dielectric constant must tend to rearrange themselves into their 
uncharged isomers. The magnitude of the shift may be evaluated as 
follows. 


Relative Acidity of Acids of Different Charge Types in Different Media 

The preceding discussion has been restricted to acids and their conjugate 
bases in dilute aqueous solution. The relative strengths of different acids, 
however, may not be the same if these acids are studied in different solvents. 
Following Br6nsted“, however, we may formulate certain general rela- 
tions which permit a correlation between chemical structure and change in 
acidity with change in solvent. Consider any acid, A, and its conjugate 
base, B. The “acidity constant” of this acid in any medium, M, may 
be denoted by 

where the C’b denote the concentrations of B and A, they’s denote activity 
coefficients, and the a’s activities, and (H*') is the hydrogen ion (proton) 
activity, which may be taken as equal to the negative antilogarithm of 
the measured pH 

In a dilute aqueous solution, which will bo taken as the standard state, 
the acidity constant is equal to if as ordinarily defined, 

if - (H^ ) - (H*-) fe) (68) 

Vwa/HjO W/HsO 

since the activities Ub S'lid fl're by definition equal to the concentrations Cb 
and Cx , in water at infinite dilution. K and if* are thus related by the 
equation (in logaritlunic form) 


pK* -pK-t-log 


Yb 


'V A 


(59) 
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We.have evaluated the activity ratio of dipolar ions to 
culra (Kz) in water from the ratio of Ki, (amino acid) to a® famm 
ester cation) (equations 35, 36, 37). From equation 57 the same re a 
yields the concentration ratio of these two forms in any (rtherso ven ,i 
is substituted for K. Let a dipolar ion be denoted by R , a cation y > 
and an uncharged molecule by R. Then, in any medium, M, 


pK,*.pH+log(g*)^ 

(60a) 1 

1 

PK»‘-PB + ">*(%). 

Hence 

(60b) ; 

(pK,*-pK.*).l«g(^‘) 

(61) 1 

5 

Furthermore, since K% is by definition an activity ratio, it is constant for 
any medium at a given pressure and temperature, thus 

K..(^) fe) (62) 

xCr/hio cr V'Vr/mVCr/m i 

1 

or, since log Kz « (pK® - pKOuio. \ 

log ( “2^ ) . (pK® - pK,)h.o - (PK®* - pK,*)m 

\7B/M 

(83) j 

1 


In Table 8, the concentration ratio of dipolar ions to uncharged molecules 
in 90% alcohol, calculated from equations 61, 62 and 63 is pven, along with 
the activity coefficient ratios. 


It is clear that the ratio of dipolar ions to uncharged molecules is much 
smaller in 90% alcohol than in water; nevertheless the dipolar ion still 
predominates very greatly. It would be only in media of much lower 
dielectric constant that the amino acid would exist mainly in the uncharged 
form”. 

■ The relative activity coefficients of amino acids and their uncharged 
isomers (last column of Table 8) show the profound influence of the very 
large dipole in increasing the electrical free energy of the molecule in a 
solvent of low dielectric constant. A similar activity coefficient ratio may 
be evaluated by determining the relative solubilities of amino acids and 
their uncharged isomers (such as a-hydroxyamides) in water and in other 
solvents, as is shown in detail in Chapters 8 and 9. These entirely inde- 
pendent methods of evaluating the activity coefficient ratio pve results 

wKipIj tA A. finof AAArAVimft.+.lAn O'm in n X 
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It is well to examine somewhat further the implications of equations 57 
and 68. Consider two different acids, Ai and As, and their conjugate bases, 
Bi and Bs. If we dissolve (say) Ai and Bj in water, they interact according 
to the equation 

Ai + ©2 5=^ Bi + A 2 (64) 

the process involving the transfer of a proton from Ai to Bj. The equi- 
librium constant of this reaction may be written, following Bronsted*'' 
as: 


A'a.b, - ~ 

Ei auj-a^, Wb,-(7a,/HiO 


(65) 


Table 8. Relative Concentrations and Activity Coefficients op Some Dipolar 
Ions and Their Uncharged Isomers in 90% Alcohol 








Amino acid 

pKb* 

PK,- 

logic, ' 

Or /«1o 

x'yit/ 

Glycine 

6.S 

3.8 

6.42 

1000 

260 

«-Alanine. 

6.8 

4.1 

6,41 

600 

600 

/3-Alamne 

8.2 

6.1 

5.63 

1260 

250 

Leucine — * 

6.8 

4.1 

6.29 

600 

400 

«-Aminocaproic acid . 

9.46 

6.66 

6.94 

600 

1400 

From J. T, EcImII mnd U, H. 

Blanchard, J. Am. C/tem, 

iSoc., 155. 2m (m3). 




If the reaction 64 takes place in another medium, M, the protolysis con- 
stant, expressed in terms of the concentrations of the reactants, is (see 69) : 



Or, taking logarithms and rearranging terms: 

(pK* - pKi)h,o - (pK? - pKDm » log (67) 

\7Bi-7Ai'M 

Equation 63 is a special case of 67, in which Ai is the same as A 2 , being 
a dibasic acid C^HjN-R-COOH) which can dissociate to give two different 
conjugate bases: Bj , the dipolar ion, and B 2 , its uncharged isomer. 

Consider in the general case the nature of the activity coefficient ratio 
7b/7a. for a given base and its conjugate acid. B differs from A primarily 
by the loss of a proton, and secondarily by any rearrangements in molecular 
structure brought about by that loss. Therefore we may expect that 7 b 
and 7 a should be closely ;*e!ated, differing primarily through the change in 
state of electric charge brought about by the proton transfer. Therefore 
the ratio vh/va should be a function primarily of the number and arrange- 
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Thus for instance let A be a fatty acid, R-COOH, and B the^. conjugate 
base, R • COO”". The activity coefiScient of R • COOH in any medium is 
profoundly affected by the hydrocarbon residue R. Thus acetic acid is 
very soluble in both water and organic solvents; stearic acid is almost 
completely insoluble in water, fairly soluble in alcohol, and readily soluble 
in ether. The two acids, however, have very nearly the same relative 
strengths in different solvents in which they can be compared. Thus the 
contribution of R to 7 b, for either acid, must be nearly the same as for 7 ^; 
the ratio 7 b/ta is thus determined almost entirely, for either acid, by the 
loss of a proton by the carboxyl group. Thus we may write, as a good 
approximation: 

2 ? = ^-2;^ (68) 

7a (7,)a 

Here 7 e represents the electrostatic contribution to the activity coeffi- 
cient. Since the — COOH group is uncharged, we set (7e)cooH « 1 to all 
solvents. The value of (7e)coo’" laay be roughly approximated by treating 
the group as a charged sphere of radius b, where b is of the order of magni- 
tude of 1 to 3 Angstroms. Then, from Born^s equation for the electrical 
free energy of a charged sphere in a medium of dielectric constant D 
(Chapter 3, equation 130 for the case in which fc « 0) we obtain: 

In ...2.303 log ( 69 ) 

where e is the protonic charge, Do is the dielectric constant in the standard 
state (water) and D is the dielectric constant of the medium, M. The 
electrical activity coefficient of an ammonium ion, R-NHa”^ is approxi- 
mately ^ven by the same equation, replacing 6coo- by 1 >nh.+- 
A similar approximation to the electrical characteristics of a dipolar ion 
is obtained by treating it as a structure resembling a dumb-bell, composed 
of two spheres of equal radius, 6, one carrying a charge -fe, the other a 
charge The spheres are rigidly connected, the distance between their 
caters being R . The electrical activity coefficient of such a model is 
given by the formula’®, analogous to 69. 

Iny. = 2.303 logy. = A A_lV?; _i.'\ 
kT\b rJ[d Do) 

Sid) rfsl magnitude of ll, and R (for an «-amino 

„ .f IVT; .1. . .1;_ 
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and Mizutanf^ giving the relative acidities of acids of four different charge 
types in water and in 90% ethanol. (Table 9.) The pK values as listed 
by these authors are given; also the relative pK values in each medium, 
taking pKi (glycine) =» 0 in each medium as an arbitrary standard, in order 
to show more closely the marked variation in relative strengths between 
the two media. 

Consider the reaction which may be formulated, following equation 64: 
CH8 COOH(Ai) + CjH5NH2(Ba) CH3COO~(Bi) + CaBlBNHa'^CAa) (71) 

From Table 9, pK| - pKi = 10.8 - 4.7 - 6.1 in water, while in 90% 
ethanol pKj — pKi = 9.8 — 7.1 =» 2.7. Owing to the difference in charge 
type, the strength of the two acids is much more nearly the same in the 
medium of lower dielectric constant. Applying equations 67 and 68®°“ 

log „ log I(7 nh,+)(7coo-)]ai<,. = 6.1 - 2.7 = 3.4 (72) 

wBa / Ai/ 


Table 9, Relative pK' Valles foe Acids of Dixtobent Chakge Type in Water 

AND 90% Ethanol , 


Acid 

Glycine cation (pKi) 

Acetic acid 

Glycine (pTCj) 

Ethylammoniiim ion 


Water 

pK 

ApK 

90% Ethanol 
pK ApK 

2.54 

0.00 

3.79 

0.00 

4.70 

2,16 

7.10 

3.31 

9.81 

7.27 

9.99 

6,20 

10.82 

8.28 

9.78 

6,99 


Dataitom L. Michaella and Mizutani, Z, P/ii/stfc, Chem., 116» 136 (1926). 


We may now apply 69, taking Do = 78.54 for water at 25“, and D = 29.95 
for 90% alcohol, whence 1/D - 1/Do - .0205. Taking o = 4.8 x 10"“ 
esu., k = 1.38 X 10”“ erg/deg and T » 298°, we have 


log (tnhs+'Tcoo-) 
or 


, . _ 23.04 X 10”°“ X .0205 / 1 1 \ 

• “ 4.^ X 1.38 X 10-“ X 298 6coo-/ 

_1„ + ) » 1.36 X 10° cm 

. 5 nhj + OCOO-' 


Taking a mean radius, 6, for the two groups, defined by 


hcOO“/ & 


(73) 


we obtain 5 « 1,47 A, which is of the right order of magnitude for these 
two groups. It is not of course to be expected that equation 69 should 
give values of b agreeing exactly' with the size of the ionizing groups, as 
known from molecular structure determinations; for the approximations 
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made ia applying 69 to organic acids and bas^ deprive it of * 

tative validity. It is, however, a very valuable guide to the general c - 
acter of the change of acid-base equilibrium with change m medium m an> 

reaction of this sort. , an 

We have already seen (equation 63 and Table 8) how equation 67 m y 
be employed to evaluate the relative activity coefficients of dipolar ions 
and their uncharged isomers. A second, independent method of evaluating 
this activity coefficient ratio may be developed from the data of Table 9. 
Consider the dipolar ion of an amino acid (Aj), and its uncharged isomer 
(Ai), as monobasic acids, each of which may lose a proton to form the same 
conjugate base (Bi •» Bj). Then, following 64, we may write. 


NHs 


NH, 


NH, 


R 


/ 


\ 


(Aj) + R 


/ 


COOH 


\ 


(Bi);=iR 


/ 


'coo- 


\ 


(Bi) + R 


/ 


NH,+ 


coo- 


\ 


(A,) 


coo- 




The acid, HjN R-COOH (R), and its conjugate base, H,N-R-COO" 
(R**), are of the same charge type as CHjCOOH and its conjugate base, 
GH»COO~. Hence from 68, ys/y^ should be approximately the same for 
either pair. Therefore we set 

(pKk - pKhac)h.o - (pKr - pKSac)m (76) 

Whence, applying 67 and 75 to 74, denoting tae dipolar ion by Rl, 


(pKr± - pKhac)hjO ~ (pKft* - pKhac)m "■ log " log ~ (76) 

7R_yR 7 k 

Substituting numerical values (ApK) from Table 9 [where pKj (glycine) » 
pKr*]: 


log II? = (7.26 - 2.16) - (6.20 - 3.31) - 2.22 (77) 

7R 

while Table 8 gives the somewhat higher value of 2.4. The approxima- 
tions involved in the derivation of equations 63 and 76 are such that the 
moderate discrepancy between them is not surprising*. Taking log 

~ =* log 7, (dipolar ion) « 2.3 as a reasonable average value for 90% 
7R ' 

ethanol, and substituting in equation 70 for the “dumb-bell” model of a 
dipolar ion, we get^‘ 


1 1 
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If we assume R = 3 A, this gives h = L27A, intsead of 1.47 from 72. 
Here again a simple electrostatic model yields results which arc of the right 
order of magnitude. 

Jukes and Schmidt''^ have determined value.s of pK* and pK* in 72% 
ethanol at 25°, for a number of amino acid.s, and for glycine ethyl ester. 
From some of their data, we have calculated values of log iii this 

medium for several amino acids (Table 10), by means of both equations 
63 and 76. In general, the latter equation gives slightly lower values, but 
the agreement between the two is reasonably satisfactory. Dibasic and 
dicarboxylic amino acids were also studied by Jukes and Schmidt. 


Table 10. Relative Activity Coefficients of Dipolar Ions and Their 
Uncharobd Isomers, for Amino Acids in 72% Ethanol 


Amino Aoid log 

(Equation 63) 

Alanine 1.73 

Asparagine 1.46 

Glycine 1,58 

Isoleucine 1.87 

Valine 1.82 

flt-Amino valeric aoid 1.78 

7 -Aminovaleric acid 1,87 

3 -Amino valeric acid 2.07 

Proline 1.68 


(Equation 76) 

1.41 

1.47 

1.63 

1.68 

1.60 

1.65 

1.72 

1.93 

1.76 


’ . .. • ■ ‘ ^ ^ -r - ■. c. L. a. Schmidt, J, Biol. Chem., 105, 369 (1934). 

■\ , ■ water; pKgj’*' *= 7.19 in 72'^’^ 1' M-o-i in applying 

■: Ki* (amino acid) as given iiv J-.iai'.- and Soiini; ;; . Valui^for 

aceuc acn: ; ’■ .41 in 72% ethanol) were used in applying equation 70, along 

with values oi pKa auu pAva" ».anaiiu uOau.;. 


The Effect of Varying Ionic Strength on Acid-Base Equilibria Involving 

Dipolar Ions 

Hitherto we have considered only the relative strength of acids and 
bases in solvents of different dielectric constants. However, the general 
equations 59, 66, and 67 are immediately applicable to studies on acids and 
bases carried out at varying ionic strengths in an otherwise constant 
medium. We shall confine our treatment to the effect of solvents of 
relatively low ionic strength on the ionization of the same four types of 
acids already listed in Table 9. We must therefore consider the effect of 
ionic strength on the activity coefficients of cations, anions, dipolar ions 
and uncharged molecules. This discussion will be confined to aqueous 
solutions, although it may readily be generalized to apply to other solvents, 
from the treatments given in Chapters 3 and 12. 

The activity coefficient of an uncharged molecule R in water is generally 
given approximately as a function of the ionic strength, J/2, as 

log 7a - KhI/2 


(78) 
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the number of attached hydrocarbon residues ^ x of 

dipolar ion is also proportional (at low ionic strengt s) o ^ 
the ionic strength. It is composed of two terms, a sa mg ou 

as would be characteristic of an uncharged isomer 0 t ^ foment 

electrostatic term of opposite sign, which is a function o e po e 

and of the arrangement of charges ivithin the molecule (see Chapters 

and 12). 


log 7Ri =* log 7e + K 3 


Ksl = {-Kn + ^a)i ^Ksl 


(79) 


where Kr is always positive, and increases with the dipole moment. Thus 
if we assume that Ks is the same for a dipolar ion as for its uncharged 
isomer, we have 


log 



(80) 


Since Kr is always positive, this means that, in dilute solution, increase 
of ionic strength increases the concentration ratio of dipolar ions to un- 
charged molecules. Log 7 for an anion or cation in water at low ionic 
strengths is again made up of a salting out term, depending on the organic 
residue attached to the charged group, and of an ele ctri cal term which 
(from the Debye-Hiickel theory) is proportional to V 1/2 

logTR^slogTR- = +KsI/2 (81) 

1 + av //2 ^ 

where z is the valence of the anion or cation (2 = 1 in the cases considered 
here), and a is proportional to the ‘‘collision diameter^' of the ions , 
Following the usual convention, we shall write pK' (instead of pK* as 
in 57, 59, and 60) for the apparent dissociation constant at ionic strength 
I /2, and pKo for the pK value in the standard state at zero ionic strength. 
We may now obtain equations for pK' in the four types of acids considered 
in Table 9 by applying equation 59 to each acid and its conjugate base in 
turn, making use of equations 78, 79, and 81. 

Class 1 (exemplified by pKi of glycine); A is a cation, B a dipolar ion. 

= ( 82 ) 


Class 2 (exemplified by acetic acid) : A is uncharged, B an anion 


pK' = pKo - 


O.5V1/2 

1 + a \///2 


(83) 
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Figures Sa and 5b. X Experimental, a, X-acotylelroine; b, elyoylglycine pKr. 
liie curve m Figure 5a and the lower curve in Figiire 5b fire plotted according to 
equation Uiapter 4, The upper curve in Figure' 5b is plotted according to equa- 
^ ^ "From A. Neuberger, Proc. Roy. Soc.y London, A158, 


l + aVl/2 2 


(84) 


Class 4 (exemplified by the ethylammonium ion); A is a cation, B is un- 
charged 

0.5VI72 


pK' = pKo + ; 


( 86 ) 


1 + aVl/2 

in deriving these equations from 78, 79, and 81 we have assumed that. Ki 
lo +.V,o snmfl for anv aeiH A n..« fnr its emiiirrafp, hasp -R Th Prefer ft the 



DIPOLAR IONS AND ACID-^BASE EQUILIBRIA 


115 


Acids of all four types were studied by Neuberger^^ who derived equa- 
tions 82-85 inclusive. For simplicity, Neuberger set the “collision diam- 
eter” of the ions equal to 3.08 A in all cases, thus making a = 1 in these 
equations. His results are shown in Figs. 4 and 5. They reveal differ- 
ences between these various types of acids which agree well in their general 
character with the equations derived for each. From these data he calcu- 
lated Kr as about 0.35 for 5-ammo-n-valcric acid, 0.40 for glycylglycine, 
and about 0.55 for co-aminododecanoic acid. These values are not far from 
those found from solubility measurements for the same or similar sub- 
stances (Chapter 11) . The values from dissociation constants are of course 
less accurate, but the fact that such similar values of Kji are found by 
entirely independent methods indicates the general validity of the reasoning 
underlying these equations. 

Recently Batchelder and Schmidt'^^ have determined the effect of ionic 
strength on the dissociation of alanine, employing cells without liquid 
junction, of the type: H 2 , solution X,AgCl, Ag. Solution X contained 
alanine, NaOH or HCl, and where was sodium, potassium, 

lithium or barium ion. From these cells, the value of Ch, the concentra- 
tion of hydrogen ion in the solution, could be determined by EMF meas- 
urements^® Thus the “apparent dissociation constants” evaluated in 
their measurements were 




k; 


C'hC'r- 


( 86 ) 


differing from the apparent constants (acidity constants) previously defined 
by the substitution of Ch for an (= ChTh) ■ Allowing for this difference in 
the nature of the constants determined, their treatment follows essentially 
the lines of that already given. They obtained a satisfactory agreement 
with their accurate measurements, however, only when certain empirical 
parameters were introduced into the equations describing pK' as a func- 
tion of ionic strength. They also studied the ionization of the trivalent 
amino acids aspartic acid, arginine and ornithine^’' as a function of ionic 
strength, and found characteristic differences for the different steps in ion- 
ization. 


« Neuberger, A., Free. Boy, Soc. London (A), 158, 68 (1937). 

Batchelder, A. C., and Schmidt, C. L. A., J, Physical C/ifiw., 44* 880 (1940). Soo also jihoir earlier study, 
ibid., 43, 1121 (1939), an extensive series of mimsurements on the effect of salts on pK' of glycine and alanine, 
using colls with liquid iunotion. . 

See Harned and Owen, Reference 6. 

See Table 3 for their pKo values for these substances. 



Chapter 5 

Some Relations between Acidity and Chemical Structure 

By John T. Edsall 

Effect of Substituent Groups on the Acidity of Neighboring Groups 

In the preceding chapter we have considered the acidity of the ionizing 
groups in a variety of compounds. The chemist, however, frequently en- 
counters ampholytes containing acid and basic groups of many very 
different types. In such cases it may be a matter of great practical im- 
portance to know whether an ampholyte with a given formula is a dipolar 
ion or an ^^uncharged molecule^^ in a certain solvent. Dipolar ion^ gem 
erally melt at very high temperatures, are more soluble^ in water than in 
most organic solvents, give solutions of high dielectric constant, and are of 
higher density than most organic molecules; while uncharged molecules 
exhibit contrasting properties in all these respects, as is shown in detail in 
subsequent chapters. Thus for various aspects of preparative work, in the 
choice of solvents for recrystallization, and in other connections, it is 
important to consider the relation between acidity and chemical structure. 
The acidity of a group depends primarily on the nature of the group 
itself and secondarily on the nature of neighboring groups in the molecule. 
If all the neighboring groups are saturated aliphatic hydrocarbon radicals, 
the ionization of the acidic group is found to be nearly independent of the 
length of the hydrocarbon chain. This is well illustrated by the data in 
Chapter 4, Table 2, on the ionization constants of monoamino-mono- 
carboxylic acids. A further example may be given from the very accurate 
TOrk of Harned and his colleagues on the fatty acids and chloroacetic acid 
(Table 1). 

The substitution of a methyl group for a hydrogen atoih on the carbon 
atom adjorning the carboxyl group increases pK by one unit; replacing one 
hydrogen in this methyl group by another methyl further increases pK 
by 0.12 unit. Further lengthening of the hydrocarbon chain has little 
effect. Indeed, the pK values at 25*^ of all fatty acids except formic are 
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mately one hundred times as strong an acid as acetic or propionic, and all 
highly polar substituents produce a marked increase in acidity. 

The effect of an electric charge on a substituent group has already been 
mentioned in Chapter 4. The ion -CHo-COOH (pK 2.3) is a 

hundred times as strong an acid in water as H 2 N-CH 2 -COOH (pK 4.3): 
(see Chapter 4, Table 7, pKj, values), due to the charge on the proton. 
Similarly the — group in •CH 2 *COO^ (pK 9.7) is a hundred 
times weaker than in '‘‘HaN • CH 2 • COOCHa (pK 7.7), due to the negative 
charge on the COO“ group. This may be denoted as the charge effect on 
acidity, while the effect of substituents such as — Cl may be called the 
dipole induction effect. 

Many observed phenomena, however, cannot be explained on the basis 
of either of these effects, Thus the anilinium ion (pK 4.7), is a million 

Table 1. Ionization Constants and Heat of Ionization of Fatty Acids and 

Chloroacetig Acid 


Substance 

Ref. 

pK26« 

AH260 pKjxiax 

cal/molo 

erO) 

(AC'p)0» 

(ac;j,)40. 

Formic acid , . . 

. (1) 

3.751 


3.762 

24.7 

-34.6 

-44.8 

Acetic acid 

. (2) 

4.766 

-112 

4.754 

22.6 

-32.2 

-36.0 

Propionic acid . 

. (3) 

4.874 

-168 

. 4.873 

20.9 

-34.7 

-39.4 

n-Butyric acid. 
Chloroacetic 

. (4) 

4.820 

-691 

4.804 

8.0, 

-32 

-64 

acid 

• (5) 

2.860 

pK- 

-1170 2.815 

pK^ax = 6 X 10-5 (1 
-2.3 X 10^4 RTHt 

-5.4 
- 0 )^ 

- 6 ) 

-46.8 

-27.7 


I DTT' -.r’ N. D.,/. Aw. afifti.iSfoc., 56, 1042 (1034). 

2 i!‘ ■■ ■ : . - :.■ ■■: W.. Am, Chem, Soc., 55, 662 (1933). 

3)1' '.W., /, Aw. C/iew. *Sfoc., 55, 2379 (1033). 

4) Harned, H. S., and Sutherland, R. 0., J. Am. Chem, Soc., 56, 2039 (1934). 

5) Wright, D. D., J, Am. Chem. Soc., 56, 314 (1934). 

For values of d and pK^ax. see Harned and Embree, J. Am. Chem, Soc,, 56. 1060 (1934). See also H. S, 
Harned and B. B. Owen, Chem. Rev., 25, 31 0939). K. S. Harned and R. A. Robinson, Trans. Faraday Soc„ 
36 , 973 (1940). 


times as strong an acid as the methylammonium ion (pK 10.7), yet the 
phenyl group, like the methyl group, is a nearly non-polar. substituent. 
The magnitude of the observed difference in acidity cannot be explained 
in purely electrostatic terms; a different type of effect — generally termed 
the resonance effect — is involved, and the explanation of this requires a 
detailed discussion. First, however, we shall return to a consideration of 
the other two effects. 


Effect of Charged Groups 

Qualitatively the mechanism of the charge effect is obvious; but attempts 
to formulate it quantitatively have given rise to prolonged discussion. 
In 1923 Bjerrum^ proposed a simple formulation of the effect of a charged 
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for many subsequent discussions. If the group, of charge ze ^where z is 
the valence of the group, and e is the protonic charge ^is regarded as 
immersed in a medium whose dielectric constant, D, is that of the solvent; 
and if it is situated at the distance r from the acidic group; then the 
contribution of the charged group to the electrical potential at the acidic 
group is 




— 

Dr 


( 1 ) 


The electrical work done under the influence of the potential in removing 
a proton from the acidic group at r to infinity is (per mole) 

Nze 
Dr 


AW ~ Neij/ 


( 2 ) 


(In all cases to be considered here, 0=1.) 

These are the fundamental assumptions of Bjerrum^s treatment. If now 
we compare the free energy of ionization of an acid containing a charged 
substituent group with that of a similar acid containing no such substituent, 
the difference may be set equal to AW, Comparing, for instance, the 
carboxyl group in acetic acid (CHgCOOH) and in the glycine cation 
* 011200011 ), we may write: 

AF°(acetic acid) - Af '^(glycine) = AW = RT In (3) 

•^HAc 

Combining this with equation 2 gives 

- pKgi) = ^ (4) 

Taking £ = 4.80 X 10““ esu., N = 6.02 x 10“^ R = 83.6 X 10®, T = 298'’K, 
and D = 78.5, and expressing r in Angstroms, this becomes 

3:08 _ 3.08 , 

pKhao - pKgi 4.756 - 2.31 “ 

This value is obviously much too low, being less than the distance between 
two bonded carbon atoms. When the substituent group, however, is 
further removed from the acidic group, the values of r calculated from 
Bjerrum s^ formula accord much better with those calculated from known 
interatomic distances in the molecule^ Similar estimates of r may be ob- 
tained by comparing the dissociation of the ammonium group in an amino 

acid (pKj) with the dissociation of the same group in a corresponding amino 
acid ester. 
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The solvent is not a continuous medium; the solute molecules must form 
cavities of considerable size, and the dielectric constant of such a cavity is 
far lower than that of a medium like water. A large part of the electrical 
effect of the substituent must be transmitted through the molecule, that is, 
through a medium of low dielectric constant. Hence the effect of the sub- 
stituent should be greater than that calculated for a medium of the dielectric 
constant of the solvent; thus the distances calculated from equation 4 
naturally turn’ out to be too low. This is particularly true when substit- 
uent and ionizing group are very near; as the separation increases, more 
of the electrical effect is transmitted through the solvent. 

These considerations formed the basis for a revision of Bjerrum^s hy- 
pothesis by Kirkwood and Westheimer^ which yields far more satisfactory 
results than the theory in its original form. In this treatment the solute 
molecules are considered as cavities of dielectric constant Dt*, in the solvent. 
The value of Di is taken as 2, near that of the liquid parafl&n hydrocarbons; 
but a moderate change in the value of Di makes very little difference in 
the outcome of the calculations. Kirkwood and Westheimer develop this 
treatment for two models: (1) a spherical molecule of radius 6, with an 
arbitrary charge distribution, immersed in a solvent of dielectric constant 
D; (2) an ellipsoid of revolution, of any eccentricity — the charged sub- 
stituent and the ionizing group are generally taken as located at the foci 
of the ellipsoid. 

It is found that, for either of these models, the Bjerrum equation 2 
still holds, if the dielectric constant of the solvent is replaced by an 
^^effective dielectric constant^^ Djb. For the spherical model, Djg is a func- 
tion of the position of the substituent and of the ionizing group within the 
sphere; for the ellipsoidal model, it is a function of the eccentricity of the 
ellipse. The specific values of D^ applicable to any particular structure 
have been tabulated by Kirkwood and Westheimer. In all cases, their 
treatment leads to reasonable values of r, entirely compatible with known 
data on interatomic distances and molecular configurations. Westheimer 
and Shookhoff^ have calculated the interprotonic distances in a large num- 
ber of symmetrical dicarboxylic acids from the equation, similar to 4 

ApK = log Ki/Ki - log 4 = 

Here the term (—log 4) must be inserted, because for acids of this type 
Ki = 4 K 2 in the limiting case when the acidic groups are so far apart that 
neither influences the dissociation constant of the other^ (This corre- 
sponds to the situation formulated in equation 31 of Chapter 4 in the special 
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case where Ka - Their treatment gives for oxalic acid 

(ApK = 2.36), for instance, 3.85 A as the distance between the two acidic 
protons — a value entirely in harmony with the dimensions of the molecule 
as known from crystal structure determination — while the simple Bjerrum 
treatment gives the impossibly low vaue of 0.91 A. ^For malonic acid 
(ApK == 2.26) Westheimer and Shookhoff find r ~ 4.10 A, where the earlier 
treatment gives 1.36 A. Diethylmalonic acid gives a much larger ApK 
value (4.48), but the calculated in terpro tonic distance (3.75 A) is only 
slightly less than in malonic acid, since the presence of the two bulky 
ethyl groups increases the region of low dielectric constant adjoining the 
carboxyls and thereby enhances the electrostatic interactions, thus in- 
creasing ApK, 

A similar treatment should be applicable to the diammonium ions 
(hydrazinium, ethylenediammonium, etc.) whose acidic constants have 
been determined by Schwarzenbach® in water and alcohol-water mixtures. 
The aliphatic dimercaptans^, which have been studied in alcohol-water 
mixtures, should also furnish material for such calculations. 

Westheimer and Shookhoff also calculated for the amino acids, the 
distances between the positive charge on the ammonium group and the 
negative charge on the — COO"^ group; these data are discussed in detail 
by Kirkwood in Chapter 12. 


Dipolar Substituents 


If we compare an unsubstituted acid, such as acetic acid, with a similar 
acid carrying a dipolar substituent, .such as chloroacetic acid, the effect 
of the dipole of moment M on the free energy of ionization, in a homo- 
geneous medium of dielectric constant D, should be given by the equation: 


ApK 


N^M cos f 

zmMw 


(7) 


where f is the angle between the dipole and the line joining its center to 
the ionizable proton, and r is the distance between the two along this line. 
This equation was proposed by Eucken*. It is based on the same con- 
cepts employed in Bjerrum^s theory of the effect of charged substituents, 
and like Bjerrum's equation it gives values of r which are much too small 
when the substituent and the ionizable proton are close together. 

Equation 7 predicts, that (for constant f) the effect of a dipolar sub- 
stituent on dissociation should fall off more rapidly than that of a charged 
substituent. ^ This is indeed the case, as may be seen from Table 2, in 
which the dissociation constants of n-aliphatic acids substituted ^th 
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— ^Br and with — are compared. In the a position, the effect of the 
— group on the energy of dissociation is only about 30% greater 
than that of the C — ^Br dipole; in the 5 position, its effect is five times as 
great. Qualitatively, therefore, in this respect equation 7 is confirmed. 


Table 2. Compaeison op the Dissociation Constants op n-Aliphatic Acids 
Substituted with Bbominb and with NHs 


Bromo-acids 

Bromoacetic acid 

a-Bromopropionic acid 
/3-Bromopropionic acid 
7-BromoDutyric acid. . . 
5 -Bromo valeric acid 


Diff. 
from 
pKof 
corre- 
spond- 
ing 
fatty 
pK acid 


Amino-acids 


2.845 1.902 Glycine 

2.967 1.907 Alanine 

4.009 0.866 jS -Alanine 

4.585 0.235 7-Aininobutyric acid 

4.711 0.110 5-Aminovaleric acid 


Diff. 
from 
pKof 
corre- 
spond- 
ing 

pK 


fatty 

acid 


2.308 2.448 
2.340 2.534 
3.600 1.274 
4.230 0.690 
4.270 0.561 


Neuberger, A., Proo, Roy. 80 c., London A 158, 68 (1937). 


Table 3. Influence of Substituents (R) in Diffbeent Positions on the 
Dissociation (pK') of the Carboxyl Group in R* (CH2)aCOOH at 26° 



Dipole Moment 


Position 



of CHaR 





Substituent (R.) 

in Debye units 

a 1) 

/3(w«2) 

7(«-3) 

6{n«4) 

CHa 

0 

4.87 

4,83 

4,80 

4.86 

CHa^CH 

0.34 

4.42 




CeHa 

0.39 

4.26 




HO 

1.66 

3.82 




HS 

1.39 

3.60 




COOR' 

1.7 

3.34 

4.52 


4.60 

I 

1.6 

3.15 

4.05 

4.64 

4.77 

Br 

1.8 

2.86 

4.01 

4.68 

4.72 

Cl 

... 1.8-1. 9 

2.81 

4.07 

4.62 

4.69 

COOH..... 

1.7 

2.92 

4.24 

4.36 

4.42 

O 2 N 

... 3. 0-3. 8 


3.79 



N=C 

... 3. 1-3.6 

2.44 




NHs+ 


2,31 

3.60 

4.03 

4.21 


Values for the acidity effect of the — COOH group from R. Gane and 0. K. Ingold, 
J. Chem. 80 c. j p. 2168 (1931); G. Schwarzenbach, Helv. Chim. Acta^ 16, 622 (1933); 
for the — NH3+ group from C. L. A. Schmidt, W. K. Appleman and P. L. Kirk, /. 
Biol. Chem.y 81, 723 (1929). Other values of pK from Landolt-BOrnstein and Inter- 
national Critical Tables. Values of dipole moments are taken from the table in Vol. 
30 (1934) of Trans. Faraday 80 c. Two substituents which do not fit into the table 
should be noted: (1) the C— 0 group: pyruvic acid (CHaCO- COOH) has a pK' of 2.49; 
the dipole moment of acetone is 2.7 D; (2) the C^C triple bond: tetrolic acid (CH3 — 
CfeC-COOH) has pK' » 2.60. 


It is also clear that, as equation 7 would predict, there is a close relation 
between the dipole moment of a substituent in a given position in an 
aliphatic chain and its effect on the free energy of dissociation. This was 
clearly pointed out by Nathan and Watson® in 1933. The effect of various 
dioolar substituents (and of the ehar^ed — NHt eToiinfl) on the B,eiflitv 
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noticed in several cases between the shift in pK produced by a dipolar 
substituent in the a position, and the dipole moment of the substituen 
group. This is especially true for the phenyl group, the halogens, t e 
— C^N group, and perhaps also the nitro group. For all these groups, 
the direction of the dipole is nearly the same — ^it is inclined at nearly the 
tetrahedral angle ( 109 ° 28 ') to the bond joining the carboxyl carbon to 
the a carbon atom. This is not true for the other groups listed in Table 3 , 
for which the structure of the dipole is more complex, and the relation 
between the magnitude of the moment and the effect on pK is therefore 
not so clearly apparent. The effect of the C=C triple bond in tetrolic 

Table 4. Ineltjence of Substituents (E) on the Aciditt (pK') of the Ammo- 
nium Group in E (CHalnNHa'*' at 20® or 25 

Dipole Moment Position of Substituent 

• ■ " — 


Substituent (R) Debye units a (n = 1) ■ ^ (n “ 2) y (n = 3) S (n “ 3) 

OH, 0 10.66 10.59 10.68 10.70 

CHj=CH 0.34 9.76 

C,H, 0.39 9.38 

HO 1.65 9.48 

HjN 1.23 9.98 10.62 10.86 

COOR' 1.7 7.75 9.13 9.71 10.16 

COO- 9.72 10.19 10.40 10.69 

NH,+ 6.98 8.58 9.32 


Values for the charged — NHs+ group (at 20°) from G. Schwarzenbaoh, Heh, Chim. 
Acta, 16, 522 (1933); for the -COOR' group (at 25°) from J. T. Edsall and M. H. 
Blanchard, J. Am. Chem. Soc., 66, 2337 (1933), and from A. V. P~nr. Boy. 

Soc. (London) A168, 68 (1937). Other values of pK from 1..': • I:-. ■!.■■■ •:' and 

International Critical Tables. Dipole moments as in Table 3. 

For the +H,N-NH 3 + ion, G. ^^l-v.-.— •-’'r.-'' [Helv. Chim. Acta, 19, 178 (1936)) 
gives pKi = -0.88; for +H,N A i!.. :;i\ 8.10at20°. 

The pK values for the diammonium ions (substituents — NH 3 ‘''and — NHj) are un- 
corrected for the statistical effect (see references 1 and 3). The pK of an individual 
NHs'*' group in +HsN'(GH 2 )„-NHs'^ is obtained by adding 0.30 to the pK values 
given above for the substituent — NHj"'". Likewise the pK of an individual — NHs’*' 
group in HjN- (CH 2 )„-NHs+ is given by subtracting 0.30 from the values given above 
for the substituent HjN— . 


acid, CHsC^C-COOH, is to produce a great increase in the acidity of the 
carboxyl (pK' = 2.6) as compared with CH3CH2CH2COOH. This appears 
to be out of proportion to any permanent dipole moment arising from the 
triple bond. Possibly the observed effect is associated with the high 
polarizibiUty of the bond. 

Table 4 lists similarly the effect of various substituents on the acidity 
of the — group. The effect of a .substituent R on pK' in R • (CH2)„NH8’ 
is in general distinctly greater than in R- (CH2)„COOH; this is to be ex- 
pected, jince the substituent is closer to the ionizing proton in the former 
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stituents may be treated along the same lines adopted in their extension 
of the Bjerrum theory of charged substituents. Equation 7 may still be 
employed, again replacing D by an effective dielectric constant, jDjb. The 
value of De is a function of the configuration of the molecule, but it is 
found to be much lower — the values of Dg (dipole) for acids in water com- 
monly lie between 3 and 10 — ^for dipolar than for charged substituents. 
This is to be expected, since the effective range of electrostatic forces 
arising from dipoles is much shorter than for net charges. Hence the 
forces from a dipole, acting on an acidic proton, are transmitted primarily 
through the interior of the molecule — that is, through a region of low 
dielectric constant. Westheimer and Shookhoff^ have shown that equa- 
tion 7 gives reasonable values for the dipole-proton distance for a number 
of acids, when the appropriate value of De is used; while the original 
treatment of Eucken, employing D, the dielectric constant of the solvent, 
gives values which are far too low. It has also been shown by West- 
heimer^° that his treatment accounts quite well for the dissociation con- 
stants of many substituted benzoic acids. For other aromatic compounds, 
however, any pprely electrostatic theory is inadequate to account for the 
observed effects. 

Two acids of the same charge type, differing only with respect to a di- 
polar substituent— for instance, acetic and monochloracetic acids — are 
found to have nearly the same relative acid strengths in different solvents,^^ 
even when these differ widely in dielectric constant. Such a result is in 
direct conflict with what would be calculated from equation 7 in its simple 
form; but it is entirely compatible with the treatment of Kirkwood and 
Westheimer, as the latter^ has pointed out. The values of De for dipolar 
substituents are so low, even in water, that the transference of a molecule 
from water to a solvent such as ethanol produces little change in the value 
of De. Hence the effect of a dipolar substituent on ionization is nearly 
independent of the solvent; while that of a charged substituent, as we have 
pointed out in the preceding chapter, increases markedly with decrease 
in the dielectric constant of the solvent. 

In the treatment which has been outlined here, the effect of a charged 
or dipolar substituent on an acid group has been expressed in terms of an 
electric field transmitted through space. It may also be pictured, how- 
ever, as due to migration of electrons along the chain, produced by electro- 
static induction arising from the substituent^^ Thus in a compound such 

w Westheimer, F. H,, J, Am. Chem, Soc., 61, 1977 (1939). 

See for instance h. Michaelis and M. Mizutani, Z, Physik. Chem., 116, 136 (1926); M. Mizutani, ibid. 
118, 318 (1926); howevc -i '■■ ■ *■ f acids of the same charge type with variation in. the 

dielectric constant of ■ although far less than for acids of different charge 

A a; H w.,, J A.rr, nhrw, S?. riQafi'irTi.J MinniftWanHM. 
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as CHaCPsCHsCl, the presence of the dipole makes the carbon on 

the right hand side of the formula more positive than in CH3CH2CH2CH3. 
This carbon then attracts electrons from its neighbor on the left, which 
in turn becomes more positive, and the effect is thus propagated along the 
chain with gradually diminishing intensity. If a group containing an 
acidic proton is present, the charge density of the electrons on this group 
is diminished by the presence of such a dipole on a neighboring atom, and 
the proton then dissociates more readily than in an unsubstituted molecule. 

How far this inductive mechanism may be distinguished from those 
already discussed remains undecided; in effect, the treatment of Kirkwood 
and Westheimer takes account of it by regarding the molecule as a region 
of low dielectric constant transmitting the effects of electric charges more 
powerfully than the surrounding medium. An effect primarily due to 
shift of electrons within the molecule, however, would be practically 
independent of the orientation of the dipole relative to the ionizing proton; 
whereas equation 7, on account of the factor cos f, predicts a very large 
dependence on the orientation of the dipole. Too little is known, how- 
ever, of the details of the structure of acids to permit further discussion 
of this point. 

The Resonance Effect 

Often acidity is profoundly affected by a substituent group although 
there is no basis for assuming a large inductive effect. A typical example 
is afforded by a comparison of the methyl-ammonium ion (CHaNH^, pK 
10.7) and the anilinium ion (CeHsNH^, pK 4.6). The substitution of the 
phenyl for the methyl group increases the acidity of the ammonium group 
by a factor of more than a million; yet the group, like the methyl group, 
is nearly non-polar. 

The clue to the origin of effects such as these has only been obtained in 
recent years, in terms of modern valence and quantum theory, largely by 
Pauling and by Ingold^^^ and their collaborators. A full analysis of the 
phenomena concerned involves the principles of quantum mechanics^^, 
but a qualitative^description may be given in terms of the valence theory 
of G. N. Lewis^^^ ^ In Lewis' notation, most of the simplest organic 
compounds (aliphatic hydrocarbons, aldehydes, ketones, amines, etc.) 
may be described in terms of a single valence formula, in which each 
hydrogen atom in the molecule is surrounded by two shared electrons, 
and each carbon, nitrogen or oxygen atom by eight. In these cases, the 
octet principle uniquely determines the valence formula^^ 



ACIDITY AND CHEMICAL STRUCTURE 


126 


In many other compounds, however, two or more formulas may be 
written in which the octet>s are all preserved. A simple and important 
example is benzene, in which we may write the two Kekul6 formulas, A 
and B. 


H 

H 

C 

C 

/ \ 

/ \ 

HC CH 

HC CH 

1 11 (A) 

II I 

HC CH 

HC CH 

\ / 

\ ^ ■ 

C 

C 

H 

H 


(B) 


These two structures are obviously completely equivalent; one. may pass 
into the other by a shift of bonding electrons around the ring. The actual 
state of the molecule does not correspond to either formula alone. In- 
stead, it is found that all six C — C bonds in the molecule are completely 
equivalent, and are intermediate in character between ordinary single and 
double bonds. Such a structure may be shown from quantum mechanics 
to be necessarily more stable than either one of the component structures 
from which we have pictured it as being derived. In the terminology of 
Pauling, the molecule ^h’esonates’^ between the two classical formulas; 
in the terminology of Ingold, the actual state is a “mesomeric state. 

We may now offer an interpretation of the low basicity of aniline as 
compared with that of the aliphatic amines. The ''classicaF^ formula 
for the structure of aniline may be written: 


NHa 

1 


c 

\h 

II (A and B) 

! CH 

V 

H 

(For simplicity we have 
written only one of the 
Kekul6 formulas here; the 
other is, of course, equally 
important). 


Other possible formulas may be written, however, in which each atom in 
the aniline molecule possesses its normal octet of electrons, the unshared 
electron pair of the nitrogen atom being passed on to either an ortho or 
a para atom. 
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+NHj 

il 

C 

HC^ ^CH 

Hi in ' ’ 

V 

H 


HC 

II 

HC 


+NH!! 

h 

/ \ 


-CH 


(D) 


V 

H 


CH 


CH 

II 

HC 


+NH2 

A 

/ \ 


CH 


(E) 


V 

H 


CH 


Thus the nitrogen tends to acquire a positive charge; the ori/io and para 
carbon atoms a negative charge. A negative charge on a meia carbon 
atom is much less likely to occur, since this would involve the formation of 
a structure such as 


+NH2 


C 

HC'^ '^CH 

l\ II 

-HC \ CH 

\\/ 


C 

H 


(F) 


which would be very unstable- 

The actual state of the molecule is not given by any one of these formulas, 
but is determined by resonance among all of them. The C-^N bond 
and all the C — G bonds are thus intermediate in character between single 
and double bonds. In this case, however, the resonating structures 
C, D and E are quite different from A and B, which are, of course, equiva- 
lent to each other as in the case of benzene itself. Hence there is no reason 
to suppose that each of the formulas written makes an equal contribution 
to the total configuration of the molecule. The nitrogen in aniline, as 
compared to that in an alkylamine, carries some excess positive charge, 
and the ortho and para carbons some negative charge. The magnitude 
of this charge depends on the relative contribution to the actual state of 
the molecule, made by the charged structures C, D and E, as compared 
with the “normal'' structures A and B. The actual state of the molecule 
almost certainly corresponds more closely to formulas A and B than to 
C, D and E; since the high electric moments of the latter structures would 
tend to render them somewhat less stable. 

If the amino group acquires a proton, however, no resonating structures 
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displacement involved in resonance of this type. Thus this ion is not 
stabilized by resonance; while the conjugate base, C6HSNH2 is stabilized 
by the resonance energy arising from the structures C, D and E. Thus 
the anilinium ion loses a proton far more readily than an alkylammonium 
ion, in which the conjugate base is not stabilized by resonance. 

The difference in free energy of ionization between the anilinium ion 
(pK 4.6) and an alkylammonium ion (pK 10.7) may thus be attributed 
entirely to the resonance energy from C, D and E. Its magnitude is^^ 
(at 25°) 

2.303 fir(10.7 -- 4.6) = 8.3 kcal/mole 

Resonance of the type found in aniline has an important effect on 
the acidity of the aminobenzoic acids. In the ^ ^uncharged'' form 
(H2N • C6H4COOH) the carbon atoms ortho and 'para to the amino group 
carry an excess of negative charge due to resonance (compare forms C, D 
and E of aniline). For obvious electrostatic reasons, this charge tends to 
reduce the acidity of a carboxyl group attached to either the ortho or the 
para carbon. This inference is borne out by inspection of the pKp values 
in Chapter 4, Table 7. These are the pK values of the carboxyl group 
in the uncharged form of the amino acid. While pK of benzoic acid is 
4.20, pKx) for o-aminobenzoic acid is 4.92 and for the para acid 4,86; the 
value for the meia acid, however, is 4.27, almost identical with that of 
benzoic acid. These results are entirely in harmony with what would be 
expected because of resonance. 

This leads to an important difference between the aminobenzoic acids 
with respect to the equilibrium between dipolar ions and uncharged 
molecules in their solutions. Consider their state when both acidic 
protons have been lost, that is, when they are in the form H2N • C6H4 • COO"". 
When acid, is added, the relative proton affinities of the two basic groups 
— ^NH2 and — COO"" determine the ratio of the two isoelectric forms. In 
the 0 and p acids, the resonance effect outlined in the preceding paragraph 
strengthens the basicity of the — COO"” group, thereby favoring the 
formation of H2N»C6H4*COOH. In the m acid, this effect is absent, and 
there is thus a greater tendency to the formation of the dipolar 
ion -06114 ’COO"". This is in accord with the facts; measurements 
of dissociation constants, of dielectric increments (Chapter 6), of electro- 
striction as deduced from apparent molal volume (Chapter 7) and of 
solubility, all indicate that the m acid exists in water primarily as a dipolar 
ion, the 0 and p acids primarily as uncharged molecules (Table 6). 

Thus the uncharged aromatic — NH2 group decreases the acidity of an 
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but an aliphatic — group increases it (see pKx) of amino acid values 
in Chapter 4, Table 7, and pK 2 values of diammonium ions in Table 4 
of this chapter). Measurements of dipole moment have led to entirely 
concordant conclusions. Thus it was shown by Sutton^^ from dipole 
moment measurements on aniline and its derivatives that the — ^NH 2 
p*oup is positive to the benzene ring, while in aliphatic amines the nitrogen 
IS at the negative end of the C — bond (See Ingold^^^). This reversal 


ABLE 5, Effect of Complete Hydrogenation on the Acidity op the Anil- 
_ ^ iNiuM and Pyridinium Ions 

Substance Substance pK' 

■ 4.62 Pyridine 5.21 

10 ^ Piperidine 11.13 


5.99 ApK 

From N. F. Hall andM. R. Sprinkle, J. Am. Chem. Soc., 54, 3469 (1932). 


6.92 


Table 6. 


M.P. pKi 


Ortho . 
Meta. 
Para . 


2- Amino 

3- Amino (a).. 

3- Amino (j8) , . 

4- Amino (a).. 
4- Ami no (j3) . . 


. 145 ^ 
. 174 * 
. 187' 

273 *^ 

278** 

264° 

260° 

285° 


Physical Properties of Aminobenzoic Acids and 
Alicyclic Amino Acids 

, Solubility grams per liter 

Dielectric .. '*> 

pKs Increment Water 

Aminobenzoic acids 
4.98 0.20 >0 3.5 (14°) 

4.79 2.30 +41 5.9 (15°) 

4.92 0.13 ca.O 3.4 (9.6°) 113^9.5°) 


Ethanol 


Ether 


2.03 

3.04 

2,32 , __ ....... , 

Aminocyclohexane carboxylic acids 
3.40 10.10 >106 24.4 Very sol. 

10.45 >10® 59 Very sol, 

10.45 >10® 62 Very sol. 

10.45 >106 62 Very sol. 

10.45 >10® 61 Very sol. 


107(9.6°) 160 (7*^) 
22(10°) 18.1 (5.6°) 

82.1(5.8°) 


4.20 

4.20 

4.30 

4.35 


InsoL 
SI. sol. 
SI. sol. 
Insol. 
Insol. 


Insol. 

Insol, 

Insol. 

Insol. 

Insol. 


j-v . ' — — xnDVi. XIlHOl. 

also "ffandtucA” 4thed., Vol. XIV (See 
J. P.- Greenstein and T Wvm=^ r on ahcyclic amino ac ds from 

values for ties" •> (1938). The Kz 

amino acids of ' ■■ analogy with aliphatic 

pared from the • t i 

marked p, by hydrogenation 'in HCl soluSm * ^ ydrogenation in water; those 




Dretetil ^r ^ V® resonance permits 

pretation of inany ijenomena which were previously obscure. 

■I he possibility of resonance in aromatic rings is, of course aholishr-d 

Joup“n tlicvc^ correspondingly the acidity of the Immonium 

sW L S ^TT «• Table 5 

TheTJfoi on aniline and pyridine 

pertiee from theTiteL“^dB"5,Sf ‘’'■°- 
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So far as they have been investigated, the pyridine carboxylic acids, 
such as nicotinic acid, appear to differ in an exactly comparable way from 
the piperidine carboxylic acids^®; and a similar contrast exists between the 
pyrrole carboxylic acids, and the comparable pyrrolidine compounds, 
such as proline. 

The effect of the benzene ring on the acidity of an attached hydroxyl 
group is similar to its effect on the — NH^ group and probably due to the 
same mechanism. Its effect on the sulfhydryl group is similar, but con- 
siderably smaller.- On a carboxyl group its effect is relatively very slight, 
since the atom carrying the ionizing hydrogen is not directly attached to 
the benzene ring, and no large resonance effect can be operative an this 
case (Table 7, A). 

Table 7 

A. Effect of the Phenyl Group on Acidity 

Aliphatic Acid pK Aromatic Acid pK ApK 

OH, OH.. A (17) CeHsOH 10 7.0 

CH8NHj+ .10.7 C«H6NHi+ 4.6 6.1 

R.SH 10.7 CtHiSH 7.2 3.5 

CHsCOOH 4.76 C.HtCOOH 4.20 0.66 

B. Effect of Replacing CHj by C = O Adjoining an Atom Carrying an Acid Hydrogen 
Aliphatic Acid pK' Aromatic Acid pK' ApK' 

CH,CH 2 NH 3 + 10.7 CHaCO.NHa+ ca. -1 co. 12 

CHaCHcOH ca. 17 CHsCOOH 4.7 12 

The values for the — SH compounds were estimated by G. Schwarzenbach and A.Epprecht, Helv. Chim* 
Ada., 19, 493 (1936) by extrapolation to water of measurements in alcohol-water mixtures. Approximate 
values for alcohols estimated by Schwarzonbach and Epprocht from experiments of A.TJnmack, Z. Phyaik. 
Chem., 129, 349 (1927); 131, 371 (1928); 133, 46 (1928). 

Resonance in the Amide Group 

The amides are extremely weak bases; that is, their cations are extremely 
strong acids. Hall and Conant^“ have estimated the pK value of 
CHaCONHj to lie between 0 an.d -1. Here again a resonance effect 
appears to be a powerful determining factor‘*\ The classic formula 
0 

CHa-C is not a complete expression of the structure of acetamide; 

^NH. 

the actual state of the molecule represents resonance between this and the 

0 ~ 

structure CHs-C . Here, as in the case of aniline, the addition 

\ 

NHa 

+ 

19 For the known oronertiea of these comnounds. see Beilstein’s ^'‘Handbuch” 4th ed„ Vol. XXII. 
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of a proton to form the ion CHaCO^NH? would completely inhibit the 
resonance. Hence the basic form, CH 3 CONH 2 , is stabilized by the 
resonance energy, while the conjugate acid is not. The resonance energy is 
in this case very large^^. Pauling estimates it as 21 kcal./mol. Thus 
an adjoining C===0 group increases the acidity of the group far uiore 

than does a phenyl group. Pauling estimates pK^ for CHsCO-NHa in 
water as being of the order of — 6 . The experimental value of Hall and 
Conant differs from this by a large factor, but it is, even so, about 12 pK 
units more acid than an alkylammonium ion. 

Comparison of the acidity of aliphatic alcohols and of carboxylic acids 
(Table 7 B) yields quite comparable results, which may presumably be 
interpreted along the same lines. 

f The Strength of Certain Other Acid Groups 

The carboxyl and ammonium groups, aliphatic and aromatic, Juave been 
discussed in some detail^® in this and the two preceding chapters. We may 
now consider the acidity of various other groups, with particular emphasis 
on those found in organic ampholytes. 

Table 8. Acidity of Phenol and Some Chloeophbnols at 25® 


Substance 

pK' 

Substance 

pK' 

Phenol 

9.78 

2, 5-Dichlorophenol 

. .. 7.36 

o~ChloropheiioL . . 

8.49 



... 6.79 

w-ChlorophenoL . 

..... 8.86 

3j4-l- = ■.■■■' 

. .. 8.39 

1 fir* rt] 

... 9.18 

3;5-I).-- ■ ■ 

. .. 7.93 

2,S i ■ 

... 7.45 

2,4, 6-Dichlorophenol 

... 6.42 

2,4 •) *■ ;" :■ ^ 7,75 

Values from J. W. Murray and N. E. Gordon, J, Am. Chem. Soc., 57, 110 (1935). 



l. The Aromatic Hydroxyl (phenolic) Group, Phenol is a very wea.k 
acid, but the introduction of polar substituents, such as halogens, or nitro 
groups, into adjoining positions on the benzene ring, greatly increases its 
acidity (Table 8 ). Thus 2,6-dichlorophenol (pK' 6.80) is nearly as acid 
as the phenolic group (pK' 6.5) in the dihalogenated tyrosines (see Chapter 
4, Table 7) and 2,4,6-trichlorophenoI is even more acid. Thus it may be 
predicted that a dihalogenated tyrosine should exist in water predomi- 
nantly as a dipolar ion, even after decarboxylation: 

Cl 

— 0 / )>CH2CH2NH+ 

Cl 
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and the electric moment of Buch a molecule should be far greater than 
that of tyrosine itself ^ 

2. The Sulfhydryl Group, Aliphatic and Aromatic. Mercaptans and 
thiophenols are too insoluble in water to be titratable, but we owe to 
Schwarzenbach and his collaborators^^ a series of careful studies of com- 
pounds of this type in alcohol- water mixtures. Extrapolation of their 
results to water solution yields an estimate of 10.7 for pK in the aliphatic 
mercaptans, a value quite concordant with the values found for the — SH 
group in cysteine and cysteinyl-cysteine (Chapter 4, Table 5). 

The aromatic — SH group is similarly estimated to have a pK near 7.2 
in water. We may note t hat it folbws from t his va lue that a compound 

such as HsN • CHa • <( ^SH ;=; • CH 2 <^ )>S“ should exist pre- 

dominantly in the dipolar ion form in water. Apparently no compounds 
of this nature have yet been prepared. Synthesis of such molecules, and 
study of their properties, should yield results of interest. 

'Table 9. Acidity of Cations Deeived feom Pybazole and 
Imidazole (Glyoxalinb) 


Pyrazole Derivatives pK' Imidazole Derivatives plK' pK' 

Pyrazole 2.48 Imidazole 7.08 6.95f 

1-MethyI pyrazole. . 2.04 1 -Methyl imidazole 7.33 

2-’Methyl iihidazole 8.11 7.86t 

3-Methyl pyrazole. . 3.66 4- (or 6-) Methyl imidazole. 7.61 7. 62, f 7.40* 

Imidazole lactic acid 7.32* 

Histamine 5.90* 

2,4"r)iiri(:thy]imidr!7olr?. . . . 8.36f 
4- (o r 6 .1 1 \ ' I ro >:y n i 1 1 y ! i m i - 
dazole 6.38f 

o 0 39| 

: . ■■ r- • y "■ ■ . ./ . . O.OOf 

The values marked * wore obtained by M, Levy (/. BioL Chain., 109, 361 .(1936)) from potentio- 
tnAhrin rn Raft iir Am Ante at. 20*. ValtiAfl marked t :'i< r ..i e;.: rle measir:' monte at 25® of A. H. M. 


memo measuremonrs ai zu . values niaiKea + ;:ii; r r.r iTic.-ir: ii. ivjl, 

Kirby and A. Neuberger, Biochem. J,, 32, 1146 \ tiioir IC \ e\: nsyo'.a-ird ;< /er > ionic strength. 

TjuM.ir.r:- were nhiab.cd by ‘ ''' '' ■ ’ ' er i)'-' Deuiulicxi, iidr., 39, 1831 (1906); 

jI ' la'i/f;': . :i7.3, i ;>93); ' ' . < ■ . 5 ;k., *U, .1 i : ; .I'.i -'' . Levy gives for the —COOH 

:■! iris'iic a'-a: pKi' « ' , ■ ■ + in histamine pKa' *= 9.70 at 30". 


3. The Imidazole and Pyrazole Groups. These two isomeric ring 
structures are interesting in that they and their derivatives differ so widely 
in acidity (Table 9) . 


4HC-. — CHS 

II II 

5HC N2 


\ / 


NHl 


4HC 

sni 


•NS 

II 

OH 2 


\ / 

NHl 


n7/j f nlf 
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The difference in acidity between the imidazolium and the pyrazolium 
ions is very striking, and no clear, explanation of it appears to be available 
at present. The great influence of methyl groups in certain positions on 
the acidity of both these ring structures is also apparent. Undoubtedly 
there is a large amount of resonance in both imidazole and pyrazole, so 
that the structures as written are not to be regarded as rigidly fixed, but 
there is a ^'blending” of the single and double bonds into bonds of inter- 
mediate character. 


4. The Guanidonimn (Guanidinium) Group, The base guanidine is 
extremely strong; it acquires a proton readily at any pH below 14 or there- 
abouts, and is converted into the guanidinium ion. 

NH 2 

This ion, as shown here, is completely symmetrical with respect to the 
three ^NHs groups; all the three C — N distances are equal, and inter- 
mediate in character between double and single bonds; the angle between 
any two adjoining C N bonds is 120°. This structure has been supported 
by quantum mechanical reasoning^® and demonstrated experimentally from 
studies of x-ray diffraction data"’ and of Raman spectra'*. It may be 
thought qf as arising by resonance among the structures 

NH. +NH, NH, 

(B) C (0) A 

H,N OT, H,l/ \h, 

pmng to the complete equivalence of the three forms, the resonance energy 

Z ^ V ’ (compare the discussion of benzene earlier 

I^emoval of a proton diminishes the symmetry and 
stability, thus the guanidinium ion in an extremely weak acid (pK m. 14) • 
in other wor^ guamdme is a base about as strong as sodium hydroxide 
tuteZm^Vi® determined the acidity of a large number of substi- 

Sa^r«T“ monoalkyl derivatives to be as 

weak acids as the guamdmium ion itself. The same was true of the svm 

disubstituted deriva- 
tives in which both alkyl groups were on the same nitrogen atom The 


(A) C 

\ 

H2N NHj 
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phenyl guanidines, however, and the symmetrical dialkyl derivatives, were 
found to have pK' values between 10 and 11 (Table 10). An interpreta- 
tion of this remarkable behavior in terms of resonance effects has been 
offered by Pauling^^ 

Arginine, being a monoalkyl-substituted guanidine, might be expected 
to have a pK value near 14 for this group. The reported values of 12,5-^ 
13.2 indicate an influence of the a amino and the carboxyl group which 
tends to increase the acidity of the guanidinium group in arginine. pK' 
of creatinine is 4.78 at showing the profound increase in the acidity 
of the guanidinium ion produced by ring formation involving a highly 
polar (C=0) group. 

The carboxyl group in creatine (pK' 2.62 at 30®, according to Cannan 
and Shore^^) is more than one hundred times as strong an acid as in 
propionic acid. This represents the influence of a methylated guanidinium 
group with a positive charge, attached to the a-carbon atom. 

Table 10. Acidity of Guanidinium Ions at 25° 


Substance 

Eef. 

pK' 

SubatancG 

Eef. 

pK^ 

Guanidine 

. (2) 

13.66 

N,N '-Dime thylguani dine . 

(1) 

10.29 


. (1) 

ca. 14 

N,]Sr' -Diethyl guanidine. . . 

(1) 

10.30 

14 i - ■ .^'1 

■ (1) 

ca. 14 

N,N'-di-n-Amyl guani- 






dine 

(1) 

10.25 

n-Heptylguanidine 

. (1) 

ca. 14 

N,N', N"-Trimethylguani- 






dine 

(1) 

ca.l4 

Benzyl guanidine 


ca. 14 

Phenykuanidine 

(1) 

10,77 

N, N-Dimcthylguanidi no . 

. (1) 

ca. 14 

N ; N ' -Diphenyl guanidine . 

(2) 

10.12 

Creatine 

. (3) 

ca. 14 

Triphenylguanidine 

(2) 

9.10 

(1) Davia. T. L.. and Eldorfield, E. C.. J. 

Am. Chem. 

Soc., 54. 1499 (1932). 



(2) Hall, N. F., and Sprinkle, M. 

11., /. Am. Chem. Soc., 54, 3470 (1932). 



(3; Cannan. II, K., and Shore, A 

Biochem. J., 22, 920 (1928). 




6. The Phosphoric Ester Group, Phosphoric acid in ester linkage 
plays an important part in many naturally occurring ampholytes, such as 
phosphocreatine, lecithin, and also coenzymes I and II (the phospho- 
pyridine nucleotides) . The effect of esterification is in general to increase 
the acidity of both of the remaining free acid groups, as shown in Table 11 
for the hexosephosphates. 

The electrometric titration of phosphocreatine'^^ shows the presence of a 
pK' value at about 2.7 (presumably the carboxyl group) and another at 4.6 
(presumably the second acid group of the phosphoric acid radical). There 
is also indication of a pK' value less than 2 (first acid group of phosphoric 
radical) and of one near 12 (the guanidinium group) . 

The strength of the acidic hydrogen in the phosphoric ester group of 
lecithin and cephalin is not exactly known, but it is almost certainly very 
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strong (pK < 2). Lecithin is certainly a dipolar ion with the positive 

charge on the nitrogenous radical and the negative charge on t ep osp ae 

group. The structure of cephalin is stiU open to question 


Table 11. pK' Values op Phosphoeic Acid ^nd Hbxosephosphomc Acids 
(from A. Harden, “Alcoholic Fermentation, Fourth Ed., New lorK 
and London, 1932) 

pKi^ pK2 

Phosphoric Acid ^ ^ 

Hexosemonophosphate: ^ o ii 

Neuberg ester g‘^2 

Hexosediphosphate: 0 29 

Ha raen and ^ oung ester «* „ 

Lohmann ester , ^ ^ 

Data from Moyerhof and his ooUaborators. pKi of HiPO. to been very 
Nims Id. Am. CUm. Sec., 56, IlIO (1934)] as 2.124 at 25”: and pKj as 7.205 at 25° (L. P. Nims, J. Am. Uiem. 
Soc., 55. 1946 (1933)]. 


6 . Quaternary Ammonium Groups in Dipolar Ions. All ammonium 
groups of this type are of course exceedingly weak acids, with pK 
generally of the order of magnitude of 14 or more. Hence any mole- 
cule containing a group of this type, together with an acidic group of the 
uncharged type (such as — COOH or — OH) shouM be a dipolar ion. 
Thus while the aminophenols exist almost entirely in the form of uncharged 
molecules, the N-trimethyl aminophenols are dipolar ions of high electric 
moment. pK' for N-trimethyl o-amino-phenol is 7.42 for the — OH group, 
for the meta and para comp.ounds about 8 ^^, The dipolar ionic nature of 
these compounds has been verified from .dielectric constant measurements 
by Devoto (see Chapter 6 , references given in Table 3). 

The Effect of the Peptide Linkage on Acidic Dissociation 

The influence of this very important linkage, uncomplicated by the 
effects of other substituents, is best seen in acetyl-glycine (pK' 3.60), 
which is more acid by 1.2 pH units than the corresponding fatty acid, 
?i-valeric acid. Formyl glycine (pK' 3.42) is definitely more acid than 
acetyl glycine although a substitution of H for a — CH 3 group in a position 
as far as this from an ionizing carboxyl group generally has a negligible 
effect. This shows the great sensitivity of the resonating — CONH group 
to change in the nature of the directly attached atom. 

The effect of the peptide linkage, and of some other substituents, on the 
dissociation of an adjoining carboxyl group, is shown in Table 12 , taken 
from the work of^Zief and Edsaif^ 
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TabIiB 12. ILfpect of the Peptide Linkage and op Otheb Substituents on the 
Dissociation of the Carboxyl Group 


Nam© 

n-Valeric acid 
5-Chlorovaleric acid 
Levulinic acid 
Glycine (uncharged) 
5-Aminovaleric acid 
Hydantoic acid 
N -Carbethoxygly cine 
Malonic monoamide 
Acetylglycine ^ 

Acctoacefic ncid 

acid 

G ! y cy i g) yc i rw i ; i ; a r ged) 
Formyigiycine 
Ch.h ) r f » ; I c i *. \ yl gl y c i n o 
Giycy!g!y(:ir>:,i rged) 
Pyruvic acid 
Glycine (charged) 


Formula 


pK' (COOH) 


CH3CH2GH2CH2COOH 

CICH2CH2CH2CH2COOH 

H3CCOCH2GH2COOH 

HaNCHaCOOH 

'‘•H3NCH2CH2CH2CH2COOH 

IlaNCONHCILCOOH 

G2HBCOONHCH2COOH 

H2NCOGH2COOH 

CH3CONHCH2GOOH 

H3GCOCH2COOH 

H2NCONHCH2CONHCH2COOH 

TT.Nr^pr«nnNHnH'>GnoH 

^ ( i’ ‘ < r •; ![ 

ii < v»oh 


4.80 
4.69 
4.69 
(4.30) 
4.21 

3.80 
3.65 
3.64 
3.60 
3.68 
3.64 
(3.46) 
3.42 
3.37 
3.14 
2,49 
2.31 


From M. Zief and J. T. Edsall, J . Am , Chem . Soc ., 59, 2247, (1937), Table III, 


The Acidity of Some Ring Structures' 


An interesting and important type of ring structure is that of hydantoin, 
NH-C0'NH-C0'CH2. This molecule is an acid of pK' 9.12 at 25°, as 

I J 

determined by Zief and Edsall®*. Studies of derivatives in which some of 
the hydrogens have been replaced by alkyl or aryl substituents show that 
the acidic hydrogen is situated on the nitrogen atom between the two 
C~0 groups*^ Similarly the ==NH group in succinimide is an acid 
(pK' = 9.56)”^. In barbituric acid (pK' = 3.95), Wood*® 


NH-CO 

'^NH.CO'^ 


OH 

/ 

NH-C 

/ \ 

: 0=0 OH 

\ / 

NH-CO 


has shown that the acidity arises principally from the hydrogen of the 
CHa group (after enolization). 

The ionization of ascorbic acid (pKi 4,12, pK 2 - 11.51) has been 
studied by Kumler and Daniels^^ and that of tetronic acid and some of its 
derivatives by Kumler^^ who has interpreted the data in terms of resonance. 
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The Effect of Formaldehyde upon the Titration Constants of Amino Acids 

It has long been known that formaldehyde exerts ^ 
certain portions of the titration curves of ammo acids. Schiff showed 
that some amino acids when titrated in formaldehyde neutralized an 
equivalent of alkali, using phenolphthalein as an indicator. S0rensen 
developed the method and applied it widely for the qu^titative study of 
protein hydrolysis by enzymes, and to other systems. The very ex ensive 
practical use which has since been made of the method cannot be discussed 
here, but we shall present a brief discussion of some of the underlying 
factors involved. The situation is complex; we shall follow the treatment 
of Levy^’, which appears to provide at present the most satisfactory method 
for describing the facts. He assumes that a,n un-ionized amino group may 
combine with either one or two molecules of formalddiyde, but that a 
charged ammonium group does not combine with it at all. 

R-NHs + CH2O ^ R-NH-CHaOH + CH2O R-N(CH,OH)2 


A monoamino-monocarboxylic acid thus combines with foripaldehyde 
only on the alkaline side of its isoelectric point. Three equilibria must be 
considered. 


( 1 ) 


( 2 ) 


( 3 ) 


NH+ 

I 

R 


NH2 

R + H+; 

coo- 


coo- 

NHs + CH2O NH(CH2 0 H) 


B 


R 


COO- coo- 

NHj + 2CHj 0 NCCHj dH)^ 


R 

coo- 


R » ; 

ioo- 





( 8 ) 


( 9 ) 


( 10 ) 


K2 is the second dissociation constant of the amino acid; Li and L2 are 
association constants between the ’'amino acid anion and one and two 
moles of formaldehyde respectively. 

If a be defined as the fraction of the total amino acid present as one form 


« .QoKiff Tr_ AntuiUn. 319. 59 O901>: 325, 348 0902). 
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or another of the anions, and complete dissociation of salts is assumed^ we 
obtain 


cc 6 “f- d "j" 6 

1 — a a 

From equations 8, 9, 10, and 11 we obtain 

pH = pKj - log (1 + LiF + + log — ^ 

1 — 0 ! 


( 11 ) 

( 12 ) 


Table 13, Constants Describing the Formol Titration of Amino and Imino 

Acids at 30° 


Amino Acid 

PK 

Li* 

Lj* 

pKLjf 

9%CH20 
pGf pOft 

Glycine 

... 9.60 

60 

290 

6.65 

.5.70 

6.92 

d^Alanine 

... 9.72 

22 

75 

7.81 

6.86 

6.96 

Z-Leucine 

... 9.60 

16 

35 

7.87 

6,92 

dZ-Valine 

... 9.60 

22 

12 

8.20 

7,26 

7.47 

iZZ-a-Aminophenylacetic acid 

... 8.84 

13 

77 

6.90 

5.95 


Z-Phenylalahine 

. . . 8.99 

16 

23 

7.57 

6.62 

6.80 

Z-Tyrosine 

... 9.07 

10 

5 

8.45 

7.60 






pKLi 



Z-Tryptophane 

Z-Proline 

... 9.27 

... 10.30 

83 

112 


7.36 

8,26 

6.88 

7.78 


Z-E^droxyproline 

... 9.66 

79 


7.66 

7.19 


. . . 10.06 

161 


7.88 

7.41 






pKIrt 



dt-Lysine,§ pKa 

... 10,66 

240 

309 

8.10 

7.16 


df-Ar|inine,| pKt 

Z-Histidine, pKg 

... 8.91 


6 X 10'* 




.... 9.17 




7.90 


df-Glutamic acid, pKj 

Z-Aspartic acid, pK* 

. ... 9,32 

22 

24 

7.87 

6.91 


.... 9.83 

26 

37 

8.16 

7.21 



* Li is the association constant of the amino or imino acid anion for 1 molecule of 
formaldehyde. Ls is the association constant of the amino acid anion for 2 mole- 
cules of formaldehyde, 

t This constant will differ from pK^ — log Lj, because it is derived for an approxi- 
mation formula and is read directly from the curves, 

t Data of M, S. Dunn and A. Loshakoff, /. Biol. Ohem.i 113, 369 (1936). 

§ For a complete description of the behavior of these compounds in formaldehyde, 
see M. Levy, /. Biol Chem., 99, 767 (1932-33). 

(Data from M, Levy and D. E, Silberman, Z. Biol Chem., 118, 723 (1937)). 


The application of this equation to the formol titration requires, either 
that F be replaced by the exact relationship in which C is the formaldehyde 
added to the mixture, 

F ^C-d^2e (13) 

or that an approximation be introduced. The use of the exact relation- 
ship leads to a complicated relationship and an approximation is readily 
available. If the total amino acid concentration is small compared to the 
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fotmaldehyde combined and to substitute for E in equation 13 the total 
added formaldehyde. 

Therefore, at a constant and sufficiently high formaldehyde concentra- 
tion the second term on the right of equation 12 becomes constant and 
pEi - log (1 + LiF -f- is equal to the pH at the mid-point of titration 
of the amino acid. This titration constant may be designated pGf and 
defined by equation 14. 

pGf « --log {K2 + K^LiF + K^UF^) (14) 




Figure 2 


Figure 1. The ordinate scale represents the apparent dissociation constants of the 
amino acids; the abscissa, ^the logarithms of the formaldehyde concentrations in 
moles per liter. Curve I, valine (1 has been subtracted from the pG values for plot- 
ting) ; Curve II, dl-aianme; Curve III, aspartic acid. 

figure 2 Ordinate and abscissa as in Figure 1. Curve I, tryptophane; Curve II, 
sarcosine; Curve III, hydroxyprolirif;. «. ./r r > , 

From Levy, M., and I ). i ;., Biol. Chem., 118, 724 (1937). 


The titration constants obtained from hydrogen electrode measure- 
ments on amino acids in formaldehyde solutions can be described in terms 
of these equations. It is remarkable, however, that the association con- 
stants Li and differ widely from one amino acid to another, even when 
the amino acids differ only with respect to the size of the hydrocarbon 
radical in the side chain. The reason for this extreme degree of indivi- 
duality is not yet apparent, but the fact is unmistakable. The results 

in TrLIa IS. from thn work of T.ovv and 
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sarcosine, Dt is zero; that is, these acids (with only one N — linkage in 
the un-ionized imino group) combine with only one molecule of formalde- 
hyde. The same is also true of tryptophane. The difference between 
substances of this type and the primary amino acids is shown in Figs. 1 
and 2, in which the observed logarithmic titration constant is plotted 
against the logarithm of the formaldehyde concentration. 

In all cases the effect of formaldehyde at constant pH is to shift the 
amino acid equilibrium in the direction of the anionic forms. At constant 
pH, from equation (12), we have 

log ■= log (1 + LiF + LtF‘) + a constant (15) 

’ — a 

where a is the total fraction of the amino acid in the anionic form. On the 
other hand, the pH at which an indicator such as phenolphthalein changes 
color is not appreciably affected by formaldehyde. These facts are the 
basis of the formaldehyde titration. For accurate titration, however, it is 
necessary to take account of the individual differences between the different 
amino acids, and adjust the conditions accordingly, 

Dunn and Loshakoff^^ and Dunn and Weiner^* have described a formalde- 
hyde titration method, employing the glass electrode, which appears to 
give results of very high accuracy for amino acid solutions. 

« Dunn, M. S., and Loahokoff, A., /. BU. Chem., U3, 3{9, 691 (1930). 

“ Dunn, M. S., and Weiner, J. G., /. Biol. Chem., 117, 881 (1937). 



chapter 6 

Dielectric Constants and Dipole Moments of Dipolar Ions 

By John T. Ehsall 


Definition and Measurement of the Dielectric Constant 

The distinctive properties of dipolar ions are most clearly revealed in 
the high dielectric constants of their solutions, which are the direct conse- 
quence of their extraordinarily large electric moments. Amino acids, 
peptides, proteins and phospholipoids give solutions of higher dielectric 
constant than can be found in any other known substances. Among the 
amino acids and peptides, the relations between dielectric constant and 
chemical structure are extraordinarily simple and regular. 

The dielectric constant, D, may be defined in three equivalent ways. 


1. The Law of Force Between Charged Bodies. The force, F, between 
two point charges, g^and g 2 , separated by a distance, r, is inversely propor- 
tional to the dielectric constant of the medium surrounding the charges 


F = 

Dr^ 


( 1 ) 


D is defined as unity for a vacuum, and is greater than unity for all 
other media. 

2. If <?o is the capacity of a condenvser in vacuo^j and 6 its capacity in 
another medium, then the dielectric constant of the medium, 

D - e/6) ( 2 ) 

This relation furnishes the basis for most experimental measurements of 
the dielectric constant. 

3. It was shown by Maxwell that the velocity of propagation of an 
electromagnetic wave in a medium of dielectric constant, D, is inversely 
proportional to -y/D . Since this velocity is also inversely proportional to 
the refractive index, ti, of the medium, we obtain Maxwell’s relation 

I 

D = 
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light of much higher frequency. Thus equation 3 is generally valid only 
when D and n are measured at the same frequency. This emphasizes the 
important fact that the dielectric constant is a function of the frequency 
of the electric field. At sufficiently low frequencies (long wave lengths), 
however, D becomes independent of the frequency, and identical with the 
value determined in a static field. It is this low frequency dielectric con- 
stant with which the subject matter of this chapter is concerned^ In the 
study of proteins, however, the variation of dielectric constant with fre- 
quency is of major importance, and will require detailed discussion 
(Chapter 22). 

Dielectric constants of various liquids at 20° are given in Table 1. 
Non-polar liquids like benzene and hexane have very low values, near 2. 
Water and hydrocyanic acid have the highest values known for pure 

Table 1. Dielectric Constants and Dipole Moments op Certain Important 

Substances 


Substance 

Dielectric constant 
Dat20‘’ 

Dipole moment 
XlO^* o.s.u. 

Vacuum 

1,00 

— 

Hexane 

1,87 1 

0 

Octane 

1.96 

0 

Benzene 

2,28 

0 

Toluene 

2.39 

0 

Diethyl ether : . . 

4.33 

1.15 

Chloroform • 

6.05 

1.15 

Acetone 

21.4 

2.75 

Ethanol 

24 

1.7 

Methanol 

33 

1,7 

Water 

80 

1.9 

Hydrocyanic acid 

2.5 M Glycine in water 

116 

2.6 

137 

(15) 


^ee Hildebrand, J. H., “Solubility/^ 2nd ed„ New York, Reinhold Publiahing Corp., 1936, Chapter IV.) 
The value for glycine solution is estimated from data concerning this substance, the references for which 
may be found in Table 3. 

Taken from Edsall, J. T., in Schmidt, C. L. A., The Chemistry of the Amino Acids and Proteins, C. 0. 
Thomas, Springfield, 111., 1938, p. 878. 

liquids. An aqueous solution saturated with glycine, however, has a much 
higher value still, and other amino acids and peptides give solutions of 
dielectric constant far higher than this. 

Relation of Dielectric Constant to Molecular Structure: Polar and Non- 
Polar Molecules 

The nature of the relation between dielectric constant and molecular 
structure has been elucidated especially by the work of Debye^ (See also'*) . 
The fundamental assumption involved has been made from the time of 

*The dielectric cori‘ 5 l,j:u!«/< of iunino acid and solutions are independent of frequency for all fre- 

quonci(ra up to 10* cycien jior o:- eve:. tiiia. This is true of most non-coUoidal liquids, except for 

a few alcohols and fcitnir. (Uhcr nioi'.rc-.shss, Reco::i w-r,:k has shown, however, that the dielectric constants 

B/ntiifinna rtanPAacA ttfifV, I nrtrAft*,,’ no- frttnilftnnv if HI1 ffiftlAnf.lxA hiffh Aft nrA 
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Faraday: that the molecules of a dielectric medium become electrically 
polarized by the applied field. Thus, in the medium between the plates 
of a charged condenser, each element of volume acquires an electric rno- 
ment; the molecules act as dipoles, the negative end of the dipoles pointing 
toward the positive plate of the condenser. It is the field arising from 
these dipoles which increases the capacity of the condenser. 

The electric moment induced in the medium by the external field may 
arise in either of two ways. 

1. The Distortion Effect. Since all molecules are made up of positively 
charged nuclei and negatively charged electrons, the electrons are attracted 
in the direction of the positive field, the nuclei in the opposite direction. 
(The actual displacement of position is far greater for the electrons than for 
the nuclei, because of their much smaller mass.) Through the distortion 
thus produced, the molecules become electric dipoles, the moment m of the 
dipoles being proportional to the intensity, F, of the field acting upon the 
molecule^ m ^ aoF, The constant of proportionality, ao, depends on the 
ease of displacemen-^ of the electrons in the molecule, and is known as the 
polarizibiUty, All molecules, of course, are polarizable, and, therefore, give 
rise to electric moments by this mechanism in an electric field. These 
induced moments are practically independent of temperature. 


2. The Orientation Effect. Many molecules however, are dipoles even 
in the absence of an external field. A simple and familiar example is water 
which has the form of a symmetrical triangle, the angle between the two 
0 — bonds being very nearly 105°. The oxygen nucleus (charge + Se)® 
tends to draw around it not only its own electrons but also those of the 
hydrogens, thus becoming the center of a region of net negative charge; 
the hydrogen nuclei being left with a residual positive charge. Thus the 
whole structure is a dipole, the negative end of which is near the oxygen 
nucleus, the positive end on a line half way between the protons. We 
designate the moment of this permanent dipole by the symbol / 4 . 

In the absence of an external field, these dipoles are distributed at 
random, owing to their thermal agitation, and the net moment of the 
system per unit volume is zero. In the presence of an electric field, how- 
ever, the permanent dipoles become oriented, the degree of orientation 
produced by a given field strength being greater at low temperatures where 
thermal agitation is small Debye has shown, for gases, in which the 
molecules are far apart, that the average moment per molecule due to this 


6 This internal field intensity, F, is not in general identical with the intensity J?, which would be determined 
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orientation effect, in the direction of the field F, is equal to i/F/3kT; 
that is, it is proportional to the square of the permanent dipole moment of 
the molecule, and to the reciprocal of the absolute temperature^ 

The total average moment per molecule, to, in the direction of the field 
is the sum of the distortion and orientation effects: 


m == 



(4) 


and the moment per mole of gas is N times as great. 

If the field is of unit strength (1 esii = 300 volts/cm), then the total 
moment per mole in the direction of the field, multiplied by the factor 
4t/3, is known as the polarization, P. For gases, the polarization is very 
simply related to the dielectric constant, D, by the formula: 


P 



D - 1 
D + 2 


V 


(5) 


when V is the molal volume of the gas. This equation, for substances in 
which M = 0, was first derived by Clausius and Mosotti; the form given 
here, which applies also to polar gases, was given by Debye. It will be 
seen from equation 5 that the dielectric constant or the polarization of a 
non-polar gas, like H 2 or Na, at constant volume, is independent of tempera- 
ture. In substances such as dipolar ions, on the other hand, the moment 
induced by distortion, aoF, is very small compared to the permanent 
moment. In such cases, the polarization, at constant temperature, is 
directly proportional to the square of the permanent moment. 

If a small number of polar niolecules be dissolved in a large amount of a 
non-polar solvent, the polar molecules are generally almost as independent 
of one another as if they were in a gas. For such systerris, Debye^ has 
developed an extended form of equation 6, which permits the calculation of 
the electric moment of a polar solute from mea.surements of the dielectric 
constant of its solution in a non-polar solvent®. 

The order of magnitude of the electric moments to be expected in simple 
molecules may be readily estimated. The charge on the electron (-«) 
is 4.80 X 10 * esu., and the distances between atoms in a molecule are of 
the order of magnitude of one Angstrom unit (= 1 x 10“® cm). A dipole 
containing charges -f-e and — separated by 1 A, should, therefore, have a 
moment (4.80 X 10 x 10 ® = 4.80 X 10"^® electrostatic units. Experi- 
mentally determined values for a number of molecules are given in Tables 2 
and 3. The values range from 0 (for the hydrocarbons) up to 8.6 X 10~‘* 
esu. for urea in dioxane. The latter i.s a.R hio-h as a.nv 
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Table 2. Diblbctsic Inoeembnts and Dipole Moments op Certain Molbceles 


(All values are at 25®) 


Substance 

Methanol 

Ethanol 

n-Propanol 

iso-Propanol 

Butanol (tertiary) 

Acetone 

Ether 

Dioxane 

Glycol — 

Glycerol 

Mannitol 

Sucrose 

Aniline 

Phenol 

Methyl acetate 

Pyridine 

Nitromethane 

Acetonitrile 

Acetamide 

Dimethylurea (Symmetrical) 

Urea 

Thiourea 

Malonamide 

Glycine anhydride 

Glycine 

a-Amino-n-valeric acid 

Diglycine 


(a) 

(a) 

(a) 

(a) 

(a) 

(a) 

(b) 

(c) 

(a) 

(a) 

(a) 

(а) 

(4) 

(4) 

(4) 

(4) 

(4) 

Si 

(б) (d) 

(7) (d) 

(5) 

(5) 

( 8 ) 

( 8 ) 

( 8 ) 


dD , 

= in water 

Dipole moment, m 
in Debye units, D 

dC 

(ID = 10-18 e.8.u.) 

-1.4 

1.65 

-2.6 

1.7 

-4.0 

1.7 

-4.3 

1.7 

-6.3 

1.7 

-3.2 

2.75 

-7.1 

1.1 

-8.3 

0.0 

-1.8 

2.3 

-2.6 

? 

-2.6 

? 

-7.5 

? 

-7.6 

1.52 

-6.6 

1.65 

-5 

1.75 

-4.2 

2.2 

-2.0 

3.05 

-1.7 

3.3 

-0.8 

3.8 

+3.0 

4.8 

+2.7 

8. 6? (9) 

+4 

7.6?(9) 

+4.3 

? 

-10 

? 

+22.6 

about 15 

+22.6 

about 15 

+71 

about 26 


Values of m taken from table in Trans. Faraday Soc.^ 30, 1934, except those for 
amino acids, which are estimated by methods discussed in text. 

(a) Calculated 5-values are based on the dielectric constant data of Akerlof (1). 

(b) Based on data given by Falkenhagen (2, p. 149). 

(c) Data of Wyman, given by ScMichard and Benedict (3). 

(d) Kumler, W. D., and Fohlnri, (i. M. J. Am. Chem. Soc., 64, 1944 (1942) obtain 
from very careful measurements the moments 4.56 for urea, and 4,89 for thiourea. 

Taken from Edsall, J. T., in Schmidt, 0. L. A., ’‘The Chemistry of the Amino Aoida and Proteins/* C. C. 
Thomas, Springfield, 111., 1938. p. 882. 


a) Akerlof, G., /. Am. Chem. Soc., 54, 4125 (1932). 

(2) Falkenhagcn, TT.. I\^»st:iroh{tc. T.einzig (1932). 

(3) Scatchard, G., a::r! Hcsiodic: M. A.. J. Am. Chem. Soc.. 58, 837 (1936). 

(4) Devoto, <i.. livr. rhem. Ge.*., 67, ivsB (1934). 

(5) Devoto, (; . (t-zzz. CKirn. 61, ‘■I-? (1931). 

(8) Wyman, .1., J:-., J. .l-u. OVi, Sor., 55, 4116 (1933). 

(7) Devoto, <’i.. OVi-rs. (’him. lir.L, 60, 520 (1930). 

(8) Wyman, J., Jr., ar.ri MfiNroekin. 'I'. L., J. Am. Chem. Soc., 55, 908 (1933). 

(9) Bergman,!:, V.., rvnd iVui/nian;., A., Tans. Faraday Soc., 34, 783 (1938). 


reported for any substance soluble in a non-polar solvent, and reflects the 
electrical asymmetry produced by resonance between' the structures 




' NHs 


NHj 

/ 


NHj 

/ 


-o_fi 


and -*0 — n 


fnhfl.ntftr S') 
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Dipolar Ions 

It is impossible to determine the electric moments of substances like the 
amino acids by the methods mentioned above. They decompose on melt- 
ing and are insoluble in all non-polar solvents. Information of the utmost 
importance has been obtained, however, by dissolving them in polar sol- 
vents (such as water or one of the alcohols) and studying the dielectric 
constant of the solution®. The description of the results is facilitated by 
the fact that the dielectric constant, D, in all dilute solutions, is a linear 
function of the concentration, C, of amino acid in moles per liter. 

Z) « Do + (6) 

where Do denotes the dielectric constant of the pure solvent. For most 
amino acids, indeed, this linear relation holds up to the highest concentra- 
tions investigated. The dielectric increment 5 == dD/dC is characteristic 
of the substance, and related to its polarity. Values for d in water for 
many substances are listed in Tables 2 and 3. 

Table 2 shows that almost all molecules (excluding dipolar ions), even 
highly polar ones such as acetone, acetonitrile and' acetamide, give negative 
8 values in water. In a homologous series, such as alcohols, all of which 
have the same dipole moment, the value of 8 decreases progressively as the 
number of — CH 2 groups in the molecule increases. This may be attributed 
to a ^'dilution'’’ of the effect of the dipoles by the non-polar hydrocarbon 
groups. The number of dipoles in a mole of liquid remains constant, but 
the number per unit volume (which is the significant quantity in deter- 
mining the dielectric constant) decreases^®. 

For molecules of somewhat similar size, Table 3 shows that the value 
of 8 tends to increase with the dipole moment. Of all the molecules listed 
(excepting dipolar ions), only malonamide, urea, thiourea, and symr 
dimethylurea show positive 8 values. Since urea, with a moment of 8.6, 
has a dielectric increment of about 3, it may be inferred that glycine, with a 
dielectric increment of 22.6, must possess a moment very considerably 
greater than that of urea or thiourea. 

Furthermore, the dielectric increment 5 for amino acids is relatively 
independent of solvent and temperature. The effect on 8 of variation in 
the solvent is shown for a-aminobutyric acid in Table 4 taken from 
Wyman®. In general, the value of 8 tends to decrease as the dielectric 
constant of the solvent increases, but the variation from solvent to solvent 
is relatively small. However, betaine and the benzbetaines, which are 
soluble in solvents of very low dielectric constant, show a very marked fall 



Table 3. Dielectric Increments op Amino Acids and Other Dipolar Ions in 

Water 

values are at 25°) 

Dielectric Increment, 5 


(Unless otherwise indicated, the 

Substance 

(a) Amino Acids 

Glycine 

^ acid (1) 

‘ acid (1) 

di-Valine 

2-Leucine 

d2-Proline 

Sarcosine 

d-Glutamic acid 

2-Aspartic acid 

d-Glutamine 

2-Asparagine 

N -Phenyl glycine 

Glycocyamine 

Creatine 

/3 -Alanine (1,8 

/S-Aminobutyric acid 

Taurine r 

7 -Aminobutyric acid 

7 -Aminovaleric acid 

Ornithine . . ; 

5- Aminov aleric acid 

Arginine 

Acetylhistidine 

e-Aminocaproic acid 

f-Aminoheptylic acid 

( 

Diglycine (1, 5, 11, 4) 

Glycylalanine 

Alanyl glycine - 

Leucylglycine (11, 6) 

Glycylleiicine 

A' ■ M (^ * h y 1 1 G 1 : c y 1 cl y <; i n 

Glycylphenyl alanine 

Phen 3 dalanylglycine 

Triglycine (1,11) 

Leucylglycylglycine (6, 11) 

Tetraglycine (1) 

Pentaglycine (1) 

Hexaglycine (1) 

Heptaglycine (12) 

(c) Double Dipoles 

e,e'-Diguanido - di (a - thio - n - caproic 
acid) (6) 


22.6; 23.0; 26.4; 30 
23.2; 23.6; 27.7 
23.2 
22.6 


(5) 

25 

(5) 

25 

(5) 

21 

(5) 

24.5 

(6) 

26 

(3) 

27.8 

(6) 

20.8 

(3, 6) 

28.4; 20.4 

(7) 

ca. 30 

(6) 

30 

(6) 

32.2 

(1, 8, 2) 

34.6; 35; 42.3 

(1,9) 

32.4; 36 

(5) 

41 

(8) 

51 

(1) 

54.8 

(9) 

51 

(8) 

63 

(10) 

62 

(6) 

62 

(1.8) 

77.5; 73 

(8) 

87 

'eplides 


(1, 5, 11, 4) 

70.6; 70; 70.6; 80 

(6) 

71.8 

(6) 

71 

(11, 6) 

62; 68.4 

(6, 11) 

74.6; 70 

(6) 

67 

(6) 

70.4 

(6) 

56.7 

(1,11) 

113; 128 

(6, 11) 

120.4; 112 


159 

215 

234 

290 (in 5. 14 molar urea) 


151 
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Table 3 — Continued 


Substance Ref. 

(d) Aliphatic betaines 

Betaine (iV'-trimetliyl glycine) (9, 15) , 

Betaine of a-amino-w-valeric acid (4) 


Betaine of f-amino-pentadecyclic acid . (4) 

Betaine of ir-amino-heptadecyclic acid . (4) 

(e) Aromatic Betaines 

Pyridine betaine (15, 4) 

Or^Ao-benzbetaine (15, 7) 


Dielectric Increment, 5 

24-27; 18.2 
60 

220 (at 70°) 

190 (at 80°) 

18.5; 20.5 
18.7; 20 


Meia-benzbetaine (15, 7) 48.4; 68 

Para-benzbetaine (15, 7,4) 72.4; 68; 62 


The order in which the 5-values for any substance are listed corresponds to the 
order of the references from which the values were obtained. 

5-values for aminobenzoic acids and alicyclic amino acids are tabulated by J. 
Wyman, Jr., Chem. Rev., 19, 218 (1936); see also Chapter 6, Table 6, and footnote 
31 on p. 154. 5-values for many betaines and some other substances not listed here 
are also given in Wyman’s review. 

(1) Wyman, J., Jr., ™ ^ ,r. A.Tn. Chem. Soc„ 55,-008 (1933), 

(2) Hedestrand, G., / ■ = ‘ ‘ ■ i 36 (1928). 

(3) Devoto, G., Gai : < ■. «■". '1930). 

(4) Hausser, I., Sitz ■ ■ Akad, d. Wise,, No. 6 (1935). 

(6) Devoto, G., (?a;v C- . ' (i», ' (1931). 

(6) Greenstein, J. P., and Wyman, J., Jr., J. Am. Chem. Soc., 58, 403 (1936). 

(7) Devoto, G., Oazz. Chim. Ital., 64, 371 (1934). 

(8) Devoto, G., Qazz. Chim. ItaL, 63, 60 (1933). 

(9) Devoto, G., Gazz. Chim. Ital., 64, 76 (1934). 

(10) Devoto, G., Z. physiol. Chem., 222, 227 (1933). 

(11) Cavallaro, L., Arch. Bci. Biol. (Italy), 20, 667 (1934). 

(12) Wyman, J., Jr,, J. Am. Chem. Soc., 56, 636 (1934). 

(13) Greenstein, J. P., Wyman, J., Jr., and Cohn, E. J., J. Am. Chem. Soc., 57, 837 (1936). 

(14) Greenstein, J. P., Klemperer, F, W. and Wyman, J., Jr., J. Biol. Chem., 125, 616 (1938); 129, 681 (1039). 
(16) Edsall, J. T., and Wyman, J., Jr., J. Am. Chem. Soc., 57, 1964 (1936). 


or This effect may be due to association of the dipolar ions in such 

solvents, in such a way as to reduce the moment of the associated complex; 
or alternatively to a distortion of the valence bonds within, the individual 
molecules, so as to bring the charged groups closer together. 

Wyman and McMeekin^^ showed a small effect of temperature on 6 for 
glycine, which was 23.90 at 0° and 22.58 at 25°. This effect has recently 
been studied in more detail by Lindquist and Schmidt^®; some examples of 
the results obtained ar,e given in Table 5. S always increases somewhat 
with decreasing temperature, but the variation with temperature is found 
to be relatively small, though certainly significant. 

The variation of the dielectric increment of glycine with pH has been 
studied by Dunning and Shutt^^*", who found, as would be expected from 
its dissociation constants (Chapter 4)., that d is constant over a considerable 
pH range (4.5 to 7.5) and falls steeply on either side beyond this range 
(Fig. 1). They attempted to calculate the dielectric constant of the solu- 
tion from the known values of pKi and pK 2 of glycine, assuming that only 
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the dipolar ions of glycine present at any pH contribute to the observed 
dielectric increment, the anions and cations being regarded as equivalent 
to an equal volume of water. The values so calculated are shown by the 
dotted lines in Fig. 1. They lie distinctly above the observed values, and 
indicate that the assumptions made are inexact, although they give a good 
first approximation to the observed phenomena. 

Urea, in contrast to glycine, gives a dielectric increment independent of 
pH over the entire pH range from 2 to 11. This was to be expected, as 
urea behaves neither as an acid nor as a base within this pH range. 

The value of 5 is nearly the same for all a-amino acids; but it increases 
rapidly with increase in the number of carbon atoms separating the amino 
and carboxyl groups (Fig. 2a). The increase in d is about 13 units for 

Table 4. Dielectkic Inceement op Solutions of a-AMiNOBUTYKic Acid (25°C.) 


Solvent 

80% ethyl alcohol 

60% ethyl alcohol. . : 

40% ethyl alcohol 

20% ethyl alcohol 

Water 

2.58 M urea 

0.961 M glycine 

1.993 M glycine 

2.510 M glycine. 

* The dielectric constant of the solvent. 

(From. Wyman* J., Jr,, CAewi. Rev., 19, 228 (1936)). 


Do* 

35.37 
47.20 
59.41 
69,82 
78.54 

87.37 
99,8 
124.05 
134.9 


24.0 

22.1 
22.6 
23.6 
23,5 
20.9 
23,1 
19.0 
18.4 


Table 5. Effect of Tempbeatuee on the Dielectkic Inceement, 6, in Certain 

Amino Acids 


Temperature in *C 

Ammo Acid r 10^ 20“ 30“ 

Glycine 26.03 25.23 23.36 22.33 

dl-Alanine 26.43 25.61 24.05 22.86 

i-Hydroxyproline 23.01* 21.86 20.83 20;16 

di-Proline 23.36* — — 21.47 


* Temperature 1.9“, 

Bata of Lindquist, F, E,, and Schmidt, C, L. A., Compt. rend. trav. lah. CarUherg, 22, 307 (1938). 


each additional intervening carbon atom. The esters of the amino acids, 
which, of course, are not dipolar ions, show no indication of such behavior. 
The dipole moments of esters of a and p amino acids^^ are identical prac- 
tically within the limits of experimental error at about 2.1 Debye units. 
Similarly for the peptides of glycine (Fig. 2b), there is a practically linear 
relation between d and the number of glycyl residues in the molecule, the 
increase for each additional residue being about 45. Glycine heptapeptide 
gives a dielectric increment of 290, and the double dipole, lysylglutamic 
acid, with two free ammonium and two carboxyl groups, gives an even 
hiffher value, 345^®. 
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The Dipole Moments of Dipolar Ions 

Qualitatively, it is clear that high 6 values correspond to high values of 
the dipole moment, /x; but the exact nature of the functional relation 
between the two quantities is still not completely clarified. The dipole 
moment of an a-amino acid, such as glycine, however, may be approxi- 
mately estimated by considering a molecular model, based on x-ray dif- 
fraction studies^®. 

This model is pictured and described in detail in Chapter 14, If we 
take the center of positive charge as located on the nitrogen atom, and the 
center of negative • charge midway between the two oxygens of the car- 



Figure 1. Variation of low -frequency dielectric constant of glycine with pH. 
Data of Dunning and Shutt. 

boxylate group, the dipole distance, JB, is found to be 2.96 A, corresponding 
to a moment of 14.2 Debye units. 

Two effects might tepd to reduce the value of the moment so calculated: 
(1) Bending of the valence angle to bring the charged groups closer 
together. This effect is probably small, since the intramolecular forces 
resisting such a deformation are apparently very large^^. (2) Production 
of secondary induced moments, of opposite sign to the principal moment 
determined by dipolar ionic structure. This effect appears also to be 

11 _ • _ ^ TT?-* 1 . _ _ .ll8 1 _ 1 .__1_X - -1 i* 
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hiliiy of glycine in alcohol-water mixtures, that the moment of the glycine 
molecule is of the order of 15 (see Chapters 11 and 12). 



Figure 2a. 

The dielectric increments of amino acids ; 
n = number of carbon atoms between the 
amino and carboxyl groups. From Wyman, 
J., Jr., Chem, Rev., 19, 213 (1936). 

The symbol Ae/AC is employed by Wyman 
to denote the increment called .6 in this 
chapter. 



Figure 2b. 

The dielectric increments of peptides 
of glycine; n = number of glycine units 
in the molecule. From Wyman, J., Jr., 
Chem. Rev., 19, 213 (1936). 


A further analysis of the dielectric constant data themselves by Wy- 
man®’ has led to similar conclusions. The relation between the dielectric 
constant and the polarization, which is expressed in equation (5), is valid 
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When applied to polar, liquids, however, it leads to physically very im- 
probable relations. In polar liquids, it seems more probable, both from 
experimental data^^ and from theoretical considerations^^ that there is 
approximately a linear relation between the dielectric constant and the 
polarization of the liquid per unit volume. 

D = i + /ip , (7) 

J ^ 

where p is the polarization of the liquid per cubic centimeter and a and % 
are constants. The treatment of Wyman (20) and Onsager (21) indicates 
that, in pure polar liquids composed of molecules of known moment, 
j = -1 and h lies between 6 and 10, the best value being approximately 8.5, 

To obtain a simple treatment for dipolar ion solutions, we shall assume 
that the polarizations (p^ and po) and partial molal volumes {Va and Fo) 
of solute and solvent are independent of concentration^^. Thus for the 
pure solvent, from equation 7 

i)o == i 4- hpQ (7a) 

If the concentration of solute is in moles per cc., then the volume 
fraction of solute is UeVaj and of solvent is 1 - riaVa- Then the polarization 
per cc. of solution is 

P « Po(l - UaVa) + V^UaVs (8) 

From 7, 7a and 8 : 

If we write Cs - 1000?is for the concentration in moles per liter, and 
Ps = PaVs for the molal polarization of the solute, this becomes 

Z) - Do = [hP. - F.(Do - j)] (9a) 

and for the dielectric increment 

So. WOO ™ 

For dipolar ions, the term 7a(Do - i)/1000 is small in comparison with 
the observed b value, and the dielectric increment is determined primarily 
by the molal polarization of the solute, P^. This is in turn connected with 
the dipole moment, /i, by the relation (see equation 5) : 

aT^rp ' 

M = ~ P., or M = 0.0127 X 10“‘®VP.T esu. (11) 

47riV 

M Wyman, J., Jr., J. Am, Chem. Soc,, 58. 1482 (1936). 

r. vw 1 4RA H QSB V SftftftlanVanVleck. J. H.. CAew. p/iz/aica, 5. 666(1937),and Kirk- 


D - Do ^ h{p Po) = hUaVaiPa - Po) = hUaVa ( Pa 
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where we have neglected the optical polarization Po = { 4 : 7 rN/S)aQ, arising 
from the polarizibility, since for dipolar ions it is extremely small compared 
to the polarization arising from dipole orientation: Thus, according to 
this treatment, the dielectric increment of a dipolar ion is approximately 
proportional to the square of the dipole moment of the solute. 

From equations 10 and 11 Wyman^ has calculated the moments of 
several dipolar ions (in Debye units) as follows: glycine, 12.2; jS-alanine, 15; 
7-aminobutyric acid, 18; ^-aminovaleric acid, 20; e-aminocaproic acid, 22; 
glycine tetrapeptide, 31; glycine hexapeptide, 38 (see also Chapter 12). 

A convenient approximate empirical equation has also been used by 
Cohn,^^ p. 105. Since there is a linear relation between 5 and u, 

5 = Am' -- if (12) 

where A and K are constants. K is small and may tentatively be set 
equal to zero, and A can then be jBxed by taking a probable value for the 
moment of glycine, say 15.2 Debye units (Kirkwood^s estimate). This, 
corresponds to a distance, R, between the positive and negative charges 
of 3.17 A, from which we obtain 

^“ 4/5 = (13) 

This simple relation is often very convenient for makmg approximate 
estimates of dipole moments of dipolar ions. (See also pp. 294^6). 

The Problem of Free Rotation around Valence Bonds in Dipolar Ions 

It is apparent from these data that the dipole moments of amino acids 
and peptides in solution do not increase proportionately with the number 
of atoms in the chain separating the charged amino and carboxyl groups. 
This indicates that the molecules in solution do not exist in the form of an 
extended zigzag chain, such as is found for the hydrocarbon chain in’ crys- 
tals of such molecules as the fatty acids. On the other hand, the charged 
groups in the peptides and long chain co-amino acids clearly do not approach 
as closely as they might; for in any long-chain compound, such as eamino- 
caproic acid or glycylglycine, it would apparently be e ^ for the molecule 
to assume the form of a ring in which the amino and carboxyl groups 
approached each other as closely as their own dimensions would permit. 
The fact that the dipole moment increases with increasing number of 
atoms in the chain separating the charged groups shows that this ring 
configuration cannot be the predominant one. On statistical grounds, 
Werner Kuhn has estimated the average distance of separation between 
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rotation around all valence bonds in the chain, and that there is no sys- 
tematic relation between the angles of rotation around the successive bonds. 
On these assumptions, he finds the mean square of the distance between the 
ends of the chain, to be proportional to the number, n, of the atoms in 
the chain. 

( 14 ) 

\1 - COS 6 / 

where B is the supplement of the valence angle, Ci is the distance between 
the centers of adjacent atoms of the chain, and the length of the chain is 
nCi, Thus, if the valence angle is the tetrahedral angle, then cos B == .333, 
and 

- 2nC\ (14a) 

If this theory is correct, therefore, the dipole moment should be propor- 
tional to which from 14 is proportional to Vn- This result is in 

excellent accord with the dielectric constant measurements and the theo- 
retical conclusions which have been drawn from them, since B is found in 
practice to be proportional to n, and should also be proportional to ix^ 
which likewise, from Werner Kuhn^s theory, is proportional to n. 

This treatment by Kuhn neglects two factors. First, it takes no account 
of the space occupied by the atoms in the chain. If we allow for this and 
make some estimate of the distance of closest approach between the atoms, 
this would cut down considerably the amount of free rotation which is 
estimated to be possible. On the other hand, the electrostatic attraction 
between the amino and carboxyl groups tends to draw them closer together. 
Thus these two effects which have been neglected work in opposite direc- 
tions and at least partly cancel one another. In a later paper^^, Kuhn has 
considered the influence of electrostatic forces on the mean distance of 
separation of the charged groups; owing to certain approximations intro- 
duced in his treatment, it is probable that the values he has so introduced 
for the dipole moments are too low. In any case, this paper furnished an 
interesting and suggestive treatment of an important problem. 

A* very elegant formula for the mean length of a chain of n atoms, 
assuming free rotation around valence bonds, has been given by Eyring^® 

^ Cl[n + 2(n - 1) cos B ^2{n - 2) cos^ ^ 4 . ... 4 - 2 cos'"'^^ B] (15) 

where the symbols have the meaning already given. This formula, while 
more complex than equation 14, has the advantage of holding for all 
values of n. even forn = 1 and n = 2, whereas 14 is valid only when n is 



154 


PROTEINS, AMINO ACIDS AND PEPTIDES 


large ® Eyring’s formula has been applied by Wyman^^ to dipolar ions 
composed of a chain of atoms to which adjoining charged groups are 
attached at various points along the chain. Wyman thus calculated the 
mean square value of the dipole moment of such a structure, assuming free 
rotation. This moment was then related to the expected dielectric incre- 
ment of such a molecule in water, by the treatment already outlined 
(equations 7 to 11, inclusive). For lysylglutamic acid, the dielectric incre- 
ment calculated by this procedure was 323, the observed value of 345 
being only 6% higher. Wyman concluded “that there is the same degree 
of free rotation in lysyl-glutamic acid as in the other simple peptides and 
amino acids which have been studied”^^ (p. 149). 

Similarly , the dielectric increments of the alicyclic amino acids^^ and of 
the tetrapolar peptides cystinyldiglycine, cystinyldidiglycine, and diglycyl- 
cystine have been shown to be such as would be expected on the hypothe- 
sis of free rotation around single bonds. It should be pointed out, however, 
that this does not necessarily imply free rotation in the strict sense. If the 
irected valence bonds formed by two linked carbon atoms can assume a 
few different relative orientations about the C-^C link, taken as axis of 
rotation, and if all these orientations are about equally probable^^, then 
the average state of a molecule containing many atoms in the chain is very 
nearly the same as if rotation were actually free. In view of recent work 

rotation about single bonds, this latter interpretation 
ot the data appears the most probable.^^ 


« Wvman" J T?' steric hindrance. 

Greenstein’ T p’’ Ino /. Am. Ckem. Soc., 60. 2341 (1938), 

{ ethane, foi instanc^,^Se^rth?L^sUbK^ 

of the hydrogens about the C—C bond HotaS is P ^ ^ confignrabons^for the relative orientations 
Tr" the surmounting of 


/. Socket 13?! flS"’ P- Smyth, C. P., 

alanine, of the series of gly™ .. ' . r ’ = »i«hements of glycine and 

several Peptides containing glyoyl, alanyl and Jeucvi 

earned out at 10 meters, are e^erallv in ^ Them measurements, 

marized in Ts " ^ 3 excellent agreement with the data sum- 

(202.2) differ ■. , ^ ... *®<^''fgl/cme (165.8) and pentaglycine 

give a very careful and critical discussio^S^the also 

moments, with conclusions not diSoar L +hn«o ■ * values and dipole 

12 and 22. Further work of ConTefai^d Smv^ ' ■ ■ ■■'" of Chapters 

and peptides is discussed in Chapter 22. •■■lu.. of amino acids 



Chapter 7 • 

Apparent Molal VolumCj Heat Capacity , Compressibility 
and Surface Tension of Dipolar Ions in Solutions 

By John T. Epsall 

It has long been known that the physical properties of aqueous solutions 
of strong electrolytes are unusual in several respects. If a salt is dissolved 
in water, the volume of the salt solution is always less than the sum of the 
volunies of the pure water and the solid salt of which it is composed. In 
some ihstances— for example, in dilute solutions of magnesium sulfate — 
the volume of the solution is actually less than that of the water in the 
system, without salt. Likewise, the heat capacity of dilute solutions of 
inorganic strong electrolytes is always less than that of the water in the 
system alone; and the compressibilities of such solutions are markedly less 
than that of the solvent water. 

Many years ago, a hypothesis was advanced by Tammann^ to explain 
these phenomena. He pointed out that the effects of strong electrolytes 
and other solutes on the physical properties of water were also produced by 
increase of pressure. Hence he inferred the existence of high internal 
pressures in such solutions, produced by the attraction of the water mole- 
cules around the ions or molecules of the solute. Tammann^s theory 
assumed that not only ions, but also uncharged solute molecules, could 
exert such attractive forces in aqueous solution; and he advanced con- 
siderable evidence to support this conclusion. It was apparent, however, 
that free ions, because of the great electrostatic forces surrounding them, 
should increase the internal pressure far more than uncharged molecules. 
In the following year, this problem was further examined hy Drude and 
Nernst^ who pointed out that a process such as the ionization of water in- 
volves a contraction amounting to approximately 21 cc per mole of water 
ionized. Contractions of the same order of magnitude accompany the 
ionization of organic acids and bases. Drude and Nernst attributed these 
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hood of the ion, and falls off rapidly •with increasing distance. Electric 
dipoles, such as water molecules, experience no translations, but only rota- 
tions, from the influence of a homogeneous rf|ctric field. In ah inJwTmge- 
neous field, however, dipoles tend to move toward the region in whic t e 
field strength is maximal Thus water molecules tend to be clustered and 
compressed in the neighborhood of an ion, whether the charge on the ion 
is positive or negative. (The orientation of dipoles around an ion naturally 
depends on the sign of its charge.) 

Many of the properties of ionic solutions are in large measure explained 
by this electrostriction. Clearly dipolar ions also must produce electro- 
striction of the solvent. Dipolar ions, however, also contain various 
uncharged organic residues which must interact with the solvent in a 
different fashion. The electrical effects produced by a dipolar ion may be 
most clearly distinguished by comparing the properties of its solutions with 
those of an uncharged isomer containing polar groups of a similar nature. 
Thus to the simplest known dipolar ion, glycine, tSsN *0112 -COO , there 
corresponds the uncharged isomer glycolamide HO-CH2-CO-NH2. The 
differences between the properties of solutions of these two molecules 
reveal the distinctive effects of the charged groups in glycine; and similar 
comparisons may be made between larger dipolar ions and their isomers. 

The quantitative description of the properties of solutions with which 
we are concerned in this chapter may be given most simply in terms of 
apparent molal properties, denoted by the symbol $(ff) and defined by the 
relation 

$((?) . ( 1 ) 

Tli 

Here G denotes any extensive property of the solution (such as volume, 
energy, free energy, heat capacity, entropy, etc.), (?J is the corresponding 
molal property of the solvent, and % and n2 denote the moles of solvent 
and solute respectively. Thus in a volume, F, of solution which contains 
one mole of solute, the apparent molal volume of the solute is equal to F 
minus the volume Fi, of the water used in making up the solution: 

HV2) = F - ^Fi ( 2 ) 

It is clear from this equation that the error in <^(F2) becomes larger as F 
increases, being nearly inversely proportional to the concentration ( 7 . The 
same is true of any apparent molal property; so that measurements of 
great precision are necessary to determine $ with accuracy in dilute 

Hnln+.inn«!^ 
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Apparent Molal Volumes 


The apparent molal volume of a solute is most conveniently calculated 
from the density of the solution, by the equation 


^( 72 ) 




(3) 


where C is the concentration in moles per liter, and d and di are the density 
of the solution and of pure water, 

A systematic study of the apparent molal volumes of many organic 
molecules in dilute aqueous solution was first undertaken by Traube^. He 
showed that two molecules differing only by a certain group — ^for instance, 
a CH 2 group — differ also by a certain increment in volume corresponding 
to that group; and these increments could be expressed as the sum of. 
volumes assigned to the individual atoms in the group. The molal volume 
increments for certain atoms and groups, deduced by Traube for a tem- 
perature of 15°C, are as follows: 

C H N O' 0" 
Volume of atoms, cc/mole 9.9 3.1 1.5 0.4 2,3* 5.5 


— NH 2 — CH 2 — COOH — CONH— 
Volume of groups, cc/mole 7.7 16.1 18.9 20.0 

* Traubo believed that a second hydroxyl group, or the second oxygon in a carboxyl group occupied less 
space than the first. 

The apparent molal volume of a compound, however, is always greater 
than the sum of the volumes assigned to its constituent atoms or groups. 
This additional volume— termed the “co-volume" by Traube — ^varies very 
little from molecule to molecule, and is approximately 13 cc per gram 
mole, The existence of this covolume must be associated with the re- 
pulsive intermolecular forces which set lower limits to the distances of 
approach between molecules in the liquid; but the nature of these forces 
need not concern us here. 

The effect of temperature on these apparent molal volumes is relatively 
slight; Traube calculated that the volume • of the — CH 2 group varies 
from 16.0 cc at 0° C. to 16.3 cc at 30° C. 


Electrostriction Due to Charged Groups in Ions and Dipolar Ions 

The amino acids form a striking exception to the general rules deduced 
by Traube. This deviation is most clearly revealed by a comparison of the 
amino acids with uncharged isomers which should have the same apparent 

' * icj fvi'tria'n ir\ HPilLlp 1 
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The values of $(F) are in all cases lower for the dipolar ions than for the 
isomeric uncharged molecules. Moreover, this lowering {E, in a e^ 
is greater for p- than for a-alanine, and decidedly greater for glycy g 
than for glycine. Since the number of polar groups is the same in t e 
dipolar ions as in their uncharged isomers, the difference between t^m 
must be due to electrostriction arising from the charged groups. e 
results show that the electrostriction, E, increases with the distance between 
the charges. 

Similar figures are found for the volume changes accompanying the 
ionization of weak electrolytes. Thus Weber^, in an important contribu- 


Table 1. Apparent Molal Volumes ^ or Dipolar Ions and Their 
Uncharged Isomers 
(E denotes the difference in each case between charged and uncharged isomers) 

Substance 

Glycolamide (CHaOH^CONHg) 

Glycine {+HsK-CHr COO”) 

Lactamide (CHs^CHOH-CONHs) 

a^Alanine (+H3N-CH(CH3)‘COO“) 

^-Alanine (+H3N-CH2-CH2-COO-) 

Methylhydantoic Acid (HzN- CONH- CHICHa) * COOH) . . . 

Glycylglycine (+H3N • CHs • CONE •CH2' COO") 


Ar-.s' !. 
1 V 


kef. 

* 

E 


cc per 

cc per 


mole 

mole 


56.2 


& 

43.6 

12.7 

* 

73.8 


h 

60,6 

13.2 

b 

58.9 

14.9 

e 

94.2 


b 

77.2 

17.0 


'■! , r 


' :\ 


. J. Am. Chem. Soc., 56, 784 (1934). 
■ c., 57, 826 (1935). 


tion to the study of dipolar ions, found the following values for the molal 
contraction accompanying ionization in solution. 

CHsCOOH CHaCOO^ + A7 -10.3 cc/mole 

CHrNHsOH + OH" A7 = -27.0 cc/mole 

H 2 O -f OH“ A7 = -21 .0 cc/mole 

In most cases, no uncharged compounds have been studied which permit 
a direct comparison with the amino acids as in Table 1. However^ the 
apparent molal volume of such uncharged isomers may be calculated, 
either by the method of Traube"^, or by the similar method of Cohn, Mc- 
Meekin, Edsall, and Blanchard^ When ring structures are present, as 
in proline, oxyproline, tyrosine, tryptophane and phenylalanine, spec^l 
corrections must be employed for the effect of the ring on the volume^of 
the molecule. These “ring factors’^ have been discussed in detail by 
Traube. 
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Table 2 lists the observed apparent molal volumes for all amino acids 
hitherto studied, and for some related substances. Values of the electro- 
striction, Ej are also tabulated. The electrostriction produced by the 
oi-amino acids ranges between 11.5 and 14.7 cc, averaging about 13.3 cc 


Table 2. Apparent Molal Volumes (#) and Electrostrictions (E) of Amino 
Acids, Peptides and Related Compounds in Water 


Substance 

cc per 

E 

cc per 

Substance 

$ ! 
cc per 

E 

cc per 


mole 

mole 


mole 

mole 


(a) Amino Acids 


(b) Peptides 


Glycine^ 

a- Alanine*' 

Serine*’ 

a!-Amino-n~butyric acid*’ . . 
«-Aminoisobutyric acid*' . . 
a-Amino-n-valeric acid*' . . . 
a-Aminoisovaleric acid*' . . . 
a!-Amino-n-caproic acid*’. . . 
a-Aminoisocaproic acid*'. . . 


43.5 

60.6 
60,8 
76.5 
78.1 
92.7 
91.3 

108.4 

107.5 


13.5’ 

12.7 

12.9 

13.1 

11.5 

13.2 

14.6 
13 ..8 

14.7 


Diglycine*’ 

Glycylleucine"* 

Leucylglycine*^ 

Glycylalanine^* 

Alanylglycine** 

Glycylphenylalanine'^ , 
Phenylalanylgly Cine‘S . 

Triglycine*' 

Leucylglycylgly cine'* . 


77.2 

139.8 

143.2 

93.9 

94.5 

155.4 
160 

113.5 

178.5 


16.1 

18.7 

15.3 

15.7 

14.1 
15.9 

11.3 

16.1 

16.3 


Asparagine'*- 


78.0 


15.3 


(c) Double Dipoles 


/3- Alanine*' 

/5-Aminobutyric acid**, ...... 

7 “Aminovaleric acid*' 

e-Aminocaproic acid^ 

Lysine*’ 


58.9 

76.4 

90.0 

104.9 

108.6 


Proline*' 

TT v.i r *i\*y r rrl i r e** 

' 


81.0 

84.4 

121.3 


Histidine*' 

Acetylhistidine'* 
Tryptophane*'. . . 


99,3 

134.0 

144.1 


14.4 

13.2 
15.9 

17.3 

18.3 

13,8 

12.7 

13.7 

10.8 

11 

15.1 


e, e'-diamino-di~(a'*thio- 

n-caproic acid)" 226.8 

Lysylglutamic acid" 172.7 


(d) Aromatic Amino Acids and 
Betaines 


o-Aminobenzoic acid^ 
m-Aminobenzoic acid*' 
p-Aminobenzoic acid*’ 

Betaine*-' 

o-Benzbetaine*-' 

m-Benzbetaine*-' 


i-Benzbetaine*-' 

T-dimethylphenylgly cine*-' , 


96.7 

90.3 

97.3 

97.7 
146.6 
145.0 
141.3 
146.8 


27.1 

38.8 


5.9 
12.3 

5.3 

8.2 

4.9 

6.4 

10.1 

4.6 


• The electrc^trictxon produced by betaines is much greater in ethanol and ethanol-water and ethanol- 
benzene mixtures than in water'. 

Apparent molal volumes for unf> n: f:r:l r-Tlr'-ules were calculated by the method of Traube< or 

by a modification of that method . ‘■loMoekin, Edsall and Blanchard*. The difference 

between these calculated values an ! ■, *. of ^ r’-’r 

The values given in this ::‘”en in . ’■ ! < ' ’ i 

the methods of calculatk:. ir.* : the ■ - .'i.; .. . li 

may be taken as the prol !. .i values. 

Some very careful : '.e- ■ . * i j ■ ■, ■ ■ ; ■ i;i.! ’ ■ ■ ' c ;**. .an"**'* '-.v'e 

reported by Dalton a: •. i\ • :)■ ■ ■ . ■ ' •»■■■< a . : c. . ■ ■ 

atriction value-i .by f? .? n e- : ■ ■ ■■ . ■< . ■ ; -i '■ ■ir. oi- .-ii 

uncharged of a-:-. : j,.-.,:-' ■..r-.i*- ■- , ■ ■ ■■c i ; t . .s- ■ : =«- ii-.c 

' .Same jif? U<r[ei ■ !.■■ ■ ;.f i- — ! * mi- ■■ ;■ . i- i ■*. ('.»>•. , 

-j. i'.( , ■. i-. ( ^ .■'V, >>: . 


The betaines, with three organic groups- on the charged nitrogen atom, give 
much lower values — presumably because the bulky methyl or phenyl 
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values than any of the a-acidS; because of the greater separation of the 
charged groups. The same is true of all the peptides. As the charged 
groups become more and more widely separated, the electrostriction 
appears to approach asymptotically a certain limiting value, in the neigh- 
borhood of 20 cc/mole for compounds containing one — and one 
“COO group. In lysylglutamic acid, with two positive and two nega- 
tive groups, widely separated, the electrostriction is nearly twice as great 
(38.8 cc/mole). 

The values for the aminobenzoic acids indicate that the meta acid exists 
in water principally as a dipolar ion, the ortho and para acids chiefly ’as 
uncharged molecules. This is in accord with the conclusions reached from 
the study of dissociation constants (Chapter 5) and dielectric constants 
(Chapter 6). 

^ Considering only spherical ions of a given charge, small ions should give 
rise to more electrostriction than larger ions; since the electric field strength 
near the ion, and the resulting compression of the dipoles of the solvent, 
are greater the smaller the radius within which the charge of the ion is in- 
cluded. A detailed calculation of the electrostriction produced by ions of 
different radii was made by Webb^, in the course of an investigation of the 
free energy of hydration of ions. The values obtained by Webb are cer- 
in y of the right order of magnitude, but he was forced in his calculations 
to make certain simplifying assumptions so that the exact magnitudes of 

the values obtained by him cannot be safely assumed as a basis for further 
calculation. 


More recently, Bernal and Fowler^ in their important study of the 
properties of water, have developed a more detailed picture of the electro- 
striction process. The structure of liquid water, near the melting point, 
may e regarded as a partially broken down ice structure. In ice, each 
o^gen atom is surrounded tetrahedrally by four other oxygens,” the 0—0 
The hydrogens he approximately onlines con- 
nectmg the oxygen atoms; two of the four hydrogens surrounding any one 
oj^gen are chemically bonded to it, the 0— H distance being 0.99 1; the 

S “hydrogen bonds”, the 0-H distance 

toeing 1 77 A The structure of water near the melting point is very 
similar to this, but more disarranged; a considerable number of the hydro^ 
gen bonds are broken, the number increasing with rising temperaturl 
The structure outlined above is a very loose, open one; each oxygen has 


T-vr>4-'i 


ihis open structure is maintained primarily by electro- 
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around the ion. Hence there is a shrinkage in volume, which Bernal and 
Fowler® have estimated by comparing the volume of a hydrated ion in a 
crystal, surrounded by n water molecules, (subtracting the volume of the 
same ion in an anhydrous crystal) with the volume of n water molecules 
in liquid water. They concluded that most of the electrostriction effect 
can be explained by hydration of ions in solution, to the same extent as in 
crystals. “For univalent ions of radius greater than 1.6 A no hydration 
is to be expected, while for all monatomic polyvalent ions, hydration will 
always occur'' (8, p. 533 ). This treatment considers only the electrostric- 
tion due to the packing of water molecules in the shell immediately sur- 
rounding the ion; furthermore, polyatomic ions, even when polyvalent, are 
assumed to be unhydrated. It is probable, however, that such ions as 
804^ and CO3” produce considerable electrostriction, as judged by their 
marked salting-out effect (Chapter 11 ). Bernal and Fowler's treatment is 
thus only a first approximation, but as such it is extremely valuable. 

The electrostriction produced by several salts (LiCl, NaCl, KCl, Nal, 
KI) in some aliphatic alcohols has been investigated by Vosburgh, Connell 
and Butler^ who have shown that all these salts have much lower apparent 
molal volumes in alcoholic solution than in water. They have applied 
Webb's method of calculation to evaluate theoretically the electrostriction 
produced by these salts in alcohol, which they calculate (in agreement with 
experiment) to be from two to five times as great as in water, depending on 
the radius of the ion. 

One group of dipolar ions, the betaines, are soluble in alcohol, and in 
alcohol-ether and alcohol-benzene mixtures. The electrostriction produced 
by several betaines in water and organic solvents has been investigated by 
Edsall and Wyman^®; they find that for the benzbetaines (N-trimethyl- 
aminobenzoic acids) the electrostriction is four or five times as great in 
alcohol as in wate^^ increasing for p-benzbetaine for instance from 10 
cc/mole in waterto 40 cc/mole in ethyl alcohol. These figures were shown 
to agree well with the values calculated by Vosburgh, Connell and Butler 
for relative electrostriction values in these two solvents. 

Apparent Molal Volume as a Function of Concentration 

The apparent molal volumes of most substances vary with the concen- 
tration of the solution. In aqueous solutions #(F) almost always increases 
with increasing C. The form of its functional dependence on ( 7 , however, 
reveals a fundamental difference between electrolytes and non-electrolytes. 

TV/T - 1 v-. - to 
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many strong electrolytes could be represented as linear in the square root 
of the concentration 

$ = #0 + 

This relationship was found to hold over a very wide concentration rang^ 
up to several moles per liter in some cases* On the other hand, Red ic 
and Rosenfeld^^ derived from the Debye-Hiickel theory by thermodynamic 
reasoning a formula formally identical with equation 4, valid only in very 
dilute solutions. 

According to the Debye-Hiickel theory (see Chapter 3) the free energy , 
Fj of a strong electrolyte solution should be given, in the limit of low con- 
centration, by 

F - niF! + n2lFl 4- J'MTln m -- Q(D, (5) 


Here F? and ^2 are the partial molal free energies of solvent and solute, 
respectively, in the reference states; D is the dielectric constant of the 
solvent; m the molality; Q is the function of P and T given by the Debye- 
Hiickei theory (Chap. 3, page 54 ff); a; - is the number 

of ions of species t formed by one molecule of the electrolyte; p « 
and Zi = valence. Applying a fundamental thermod 3 mamic relation we 
obtain, on differentiating F with respect to the pressure, 



F«7ii7? + n2 


?Ug(^D,T, 


w 

’dp’ 



( 6 ) 


where* /3 is the compressibility of the solvent. The function q is given by 


q^R 



fl dD 
\D dP 



(7) 


Here k is Boltzmann’s constant, and the pressure is in atmospheres. 
Equation 6 may be written 




(6a) 


which has the same form as 4, but a different meaning, since it demands 
that the slope of the # curve, plotted against be the same for all 
electrolytes of a given valence type, and that it should be much higher for 
electrolytes of higher valence types than for 1-1 electrolytes. In contrast 
to this, Masson and Geffcken were forced to assign quite different coefS- 
cients, q\ to different salts of the same valence types, in order that they 
might fit equation 4, over a wide concentration range. Equation 6, how- 
ever, is applicable only in very dilute solutions, and measurements made 
at high concentrations are irrelevant in testing its validity. 
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solutions of certain uni-univalent salts, Redlich'® evaluates the coefficient, 
q, in equation 6a, as 

g = 1.86 ± 0.02 (25'’C.) (8) 

The theoretical value of q from 6 is more uncertain, chiefly because of 

dD 

uncertainties regarding the value of the coefficient for water; but the 

dr 

data available are compatible with equation 8^®. In any case, there 
appears little doubt of the validity of the square root law for the apparent 
molal volumes of electrolytes in dilute solution. 


Table 3 

1. Apparent Molal Volume $(V) op Urea, Sucrose and Certain Amino Acids 
AT 25°, AS Described by the Equation == #o + + bC ^ 


Substance (cc.) a b 

Urea 44.218 0.13999 -.002601 

Sucrose (15°) 209.741 0.46185 . 001412 

Glycolamide 66.156 0.1596 0 

Glycine 43.199 0.8614 0 

a-AIanine 60.6 (60.609) 0.60 (0.5731) 0 

/5-Alanine 58 . 6 (58 . 730) 0 . 72 (0 . 7117) 0 

Lactamide 73.508 0.0169 

a-Aminobutyric acid 76.5 d= 0.3 0 0 

d^Valine ; 91. 05 ±0.1 0 0 

€-Aminocaproic acid 104.35 0.72 0 

Glycylglycine 76.8 1.30 0 

2. Apparent Molal Volume of Amino Acid Salt£, as Described By the Equation 

$ 6= $0 + A\/ C 

Substance $o. A Substance A 

N a Gly cinate 42.4 3.89 Na c- Aminocaproate . . 106.0 

Glycine HCl 67.0 2.54 e-Aminocaproic H(3l . . 136.4 


The values for uroa. u ufj-J are the moat accurate. Other substances, 

except dZ-valine, wt-c hs-.s-iic'i or.iy nr ion'-. :?f (i.Jr; rn:.;ar and above. 

tfrea values from 1‘. T. (iuciicr, Jr., 1>\ VV. Gage and 0. E. Moser, J. Am. Chem. Soc., 60, 2682 (1938)? su- 
cro «>“ — oaa n. r-d H * C’. ■ 6'. ' -''T); dZ-Valine— see J. B. Dalton and 

C i ■■. V . ' ■■ ■■■ >' ■ . ■ . I ■■ .. — see F. T. Gucker, Jr., W. L. Ford 

ai ( i. ■■■ ■ ■ ■■ !.L "I I T) '■?’ ' F J. Cohn, J. Am. 

S ■ ■■ ’ .■ ■ ■ ■ ■ with the later 

Vlr I.' , .... i 1 ^,. « uU 4M 

Values for lactamide, and values in. parentheses for a- and jS-alanine, from T, W. Allen, Thesis, North- 
western Univ. (1941). 


At one time it was suggested^ that a law of the same form might hold for 
non-electrol^'^tes. Careful studies on sucrose^^ and on urea^^, however, 
showed that the apparent molal volumes of these substances in dilute solu- 
tion were linear functions of the first power of the concentration with no 
square root term. The studies* of Daniel and Cohn^^ led to the same con- 
clusion, for certain isoelectric amino acids (Table 3 and Fig. 1). Thus 
molecules carrying zero net charge, even if they are dipolar ions, obey a 

« 0. Redlich, /, Physical Chem., 44, 619 (1940). 

« The findings in this fieldhave aiven rise to cnn«idprnblA in.»o i.- i 
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different law from that holding for electrolytes. The slope of the 
curve, however, denoted by a in Table 3, is much greater for most of the 
amino acids than for urea and sucrose, which ai'e not dipolar ions. For the 
amino acids, a is greater, the shorter the hydrocarbon chain and the greater 


3 


Figure 1. 

Increase in apparent naolal 
volume as a function of the 
concentration : (1) lysyl- 

glutamic acid; (2)^ sodium 
4 €-aminocaproic acid; (3) 
glycylglycine; (4) glycine; 
„ (5) €-aminocaproic acid, and 

^ j5-alanine; (6) a-alanine. 

From Daniel, J., and Cohn, 
6 E. J., /. Am. Chem. Soc., 58, 
416 (1936). 


0 12 3 4 

Concentration. 


1 2 



the dipole moment. For the aminobutyric acids $ does not increase with 
concentration; and the studies of Dalton and Schmidt’“° have shown that 
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metMoniiie. Lysylglutamic acid (Fig. 1) ($o = 172.4) shows a very steep 
#— C curve, with a slope of betweea 2 and 3 in dilute solution; the curve 
rises much too rapidly to be described by a simple linear equation, how- 
ever. T his behavior is probably associated with its very high dipole 
moment. 

The sodium salt and the hydrochloride of glycine, in contrast to glycine 
itself, appear to obey the square root law, like simple strong electrolytes 
(Table 3, Part 2) at least as a first approximation. On the other hand, 
the sodium salt and the hydrochloride of «-aminocaproic acid do not obey 
the square root law, the curves not being linear either with C or with C^'^. 
It would appear that molecules containing a large number of non-polar 
groups do not obey the square root law, even if they are strong electrolytes. 

/ All these conclusions remain subject to revision. At present no highly 
accurate density measurements on very dilute solutions of dipolar ions 
are available; but it is undoubtedly in the region of high dilution, for 
dipolar ions as for electrolytes, that regularities of behavior should be most 
apparent. “ Investigations in this field remain to be reported. 

Apparent Molal Heat Capacities 

The apparent molal heat capacity $(Cp) of a solute is best evaluated 
from specific heat measurements, by the equation® 

. r 1000 , , , ■ 

4’(C'p) ■= s + Ml 

L m 

where s is the specific heat of the solution, m is the molality, and Mi is the 
molecular weight of the solute. 

Apparent molal heat capacities of non-electrolytes in water are almost 
always positive, and often not greatly different from the molal heat ca- 
pacities of the same substances in the pure state. Strong electrolytes in 
water almost invariably have negative apparent molal heat capacities; 
that is, the heat capacity of the solution is less than that of the water in 
it alone. Some typical data are presented graphically in Fig. 2. These 
data are plotted against -s/Q, since it was found ^pirically^^’by Randall 
and Rossini that $(Cp) is a linear function of -s/ot (or \/ C) over a wide 
range. All the extrapolated values of $ at (7 = 0 are negatiye, while the 
slope of the curves is positive. Salts of higher valence type (CaCb and 
BaCb) have much lower # values at C = 0, and much steeper slopes than 
the uni-univalent electrolytes. 

An extensive theoretical treatment of the heat capacities of electrolyte 
Rrtlnfinns wnq oivpTi bv Zwinlrv^. who tiointed out. on the basis of data 


1000 

m 


(9) 
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obtained by Bridgman^, that the heat capacity of water diminishes mark- 
edly with increasing pressure^^. He therefore evaluated the pressure 
arising from electrostriction of the solvent, as a function of distance from 



Figure 2. 

Apparent Molal heat 
capacities at 25°. From 
Gucker, F. T., Jr., Chem. 
Rev,, 13, 111 (1933). 


the ion producing the electrostriction, and utilized the data of Bridgman to 
evaluate the effect of this pressure on the heat capacity of the water in the 


. . This holds for all pressures employed in Bridgrnan’s investigations, at temperatures up to 60 »C.; but at 
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solution. Other effects, which also were considered, involved the addi- 
tional degrees of freedom in the system introduced by the presence of the 
solute molecules (giving a positive contribution to the heat capacity), and 
the polarization of water dipoles by the ions (giving a negative contri- 
bution). Both these effects, however, were small in comparison with the 
compression effect. Zwicky calculated the pressure due to electrostriction 
as of the order of 70,000 kg/cm^ at 1 1. from the center of the ion; the 
pressure falls rapidly with increasing distance until it is only 23 kg/cm^ 
at 10 A. from the center of the ion. Zwicky evaluated ^{Cp) for a 1-1 
electrolyte as —117 cal/deg. Experimental values for electrolytes of this 
type, extrapolated to infinite dilution (Fig. 2) range from -15 to -32 
cal/deg. Therefore the theory, while giving a qualitative picture of the 
underlying situation which is certainly valuable, is far from being quanti- 
tatively exact. 

Zwicky’s theory deals with infinitely dilute solutions and does not con- 
sider the interionic forces which cause ^{Cp) to vary with concentration. 
As with apparent molal volumes, however, the Debye-Hiickel theory leads 
to a relatioh of the form’ 

^Cp) - # + const. C'/" (10) 

for very dilute solutions. The constant in equation 10 is a function of the 
valence type of the electrolyte, the tepaperature, the dielectric constant of 
the solvent and its temperature derivatives, and the thermal expansion of 
the solvent^^ The exact values of some of these quantities are not very 
accurately known, and some uncertainty therefore remains, as to the exact 
value of. the slope to be expected for the # — curve. The experimental 
data in very dilute solutions are also somewhat uncertain^®; but the general 
validity of the square root law for electrolytes appears to be almost uni- 
versally recognized. 

In contrast, non-electrolytes in dilute solution appear generally to obey 
a law of the form: 

$(Cp) = $0 + aC (11a) 

or 

^{Cp) ^ ^0 A- am (11b) 

analogous to the equation describing their apparent molal volumes. At 
higher concentrations, a term in Cf may be required to describe the data 
adequately. Probably the first study on a non-electrolyte to be carried 
out with very high precision was that of Gucker and Ayres^^ on sucrose. 


tr rr t « T A .T . Am. Chem. Soc.. 55. 1004 (1933). 
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Their results indicated that #((7^) for this substance in 
varied with the first power of the molality; the equations escri in 

data were: 

^Cp) - 145.87 + 1.950W - 0.1182w^ at 20® 

$(Cp} - 151.20 -f 1.325m - 0.0704m^ at 25® 

Neither in this nor 'in any other non-electrolyte, that has been accurately 
studied, has it proved to be necessary to introduce a square root term m 

describing the data. ^ 

The first measurements on the heat capacities of amino acid solutions 
were made by Zittle and Schmidt^®, on glycine, d^alanine and dl-vmne 
at 25®. Specific heats were measured with an accuracy of 0.1%; and the 
results may be described, up to m = 1.5, by the equations: 

Glycine, ^{Cp) = 7.5 + l.Ow (12) 

dZ-Alanine, ^{Cp) = 40.0 - 3m (13) 

dJ-Valine, ^{Cp) = 93 - 17m (14) 

These data reveal an extraordinary effect of the CH 2 group. The 
increment in # for each additional CH 2 is 30 db 3 cal/mole. In contrast, 
when homologous series of pure liquids are considered, the increment per 
CH 2 group is only 6 to 8 cals/mole. ■ A search of other data in the literature 
by Edsatf ® revealed similar very large increments in $ per CH 2 group in 
the fatty acids and alcohols (Table 4). Thus the presence of a hydro- 
carbon chain tends to produce a 'positive deviation from the ideal solution 
laws for heat capacity. This trend is approximately indicated by the 
series of values of # - Cp given in the last column of Table 4^^ Whether 
this represents a general rule can only be decided when far more numerous 
and more accurate data are available. Substances rich in polar groups, 
such as glycerol, urea and dextrose (Table 4) behave much more nearly 
like ideal solutes in water, although sucrose shows a marked difference 
between $ and Cp. 

The effect of dipolar ionization on <^(Gp), like that of ionization, must 
clearly be to decrease it, Edsall^^ estimated the order of magnitude of the 
decrease to be expected, from EMF data on the ionization of fatty acids, 
ammonia and water, as follows^^ 

28 C. A. Zittle and C T *. . io8, 161 (1935). 

26 J. T. EdsaU, ^ ■ ;■ 

22 Pi rforahly the va , . \ ^ ■ those of should be civcr. for the pv.ro Ivi'iid state. 

T'd** Ls for many su"bstances, such as the amino acids which doc f:ri;;osO ■;#?■. rnoitir-^. In Koneral, 

x!ie value of for any substance is distinctly higher for the liquid stato i riJir. f!:r inociyTsnil'.ir.ftfcciid at or 
Tiftftr thft samfi "temoerature. This fact must be allowed for in considerinc the data of Table 4. but it does not 
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CHsCOOH CHaCOO" + H+; = -33.9 cal/deg (15a) 

C^HsCOOH ^ CaHeCOO- + H+; = -37.7 cal/deg (15b) 

NH, + H 2 O NH/ + OH-; = -52 cal/deg (16) 

H+ + OH~ H 2 O; ACp,„ = +42.5 cal/deg (17) 

On adding 15a or 15b to 16 and 17, we obtain, 

R-COOH + R-NHs+ ^R-COO“ + R-NH/; 

ACpj.j = -43 to -47 cal/deg (18) 


Table 4. 

Substance 

Formic Acid 

Acetic Acid. 

Propionic Acid 

n-Butyric Acid 

Methyl Alcohol 

Ethyl Alcohol 

Propyl Alcohol 

t-Butyl Alcohol 

Glycine 

dZ-Alanine 

d2-Valine 

Glycerol *. 

Urea 

Dextrose 

Sucrose 


Appaejent Molal Heat Capacities in Water 


Temp. (“C.) 

Ni 

# 

A 

Cp 

* - Cj 

. 16-50 

0.02 

17 


24.6 

~8 

. 25 

:02 

38 

21 

32.2 

6 

. 22-50 

.02 

63 

25 

38.8 

24 

. 23-60 

.02 

85 

22 

44.5 

40 

. 20 

.03 

36 


20 . 4 ' 

16 

. 20 

.03 

57 

21 

26.6 

30 

. 20 

.016 

88 

31 

34.2 

54 

. 25-29 

.02 

(160) 


42.4 

? 

. 25 

.01 

8.0 


24« 

-16 

. 25 

.01 

38 

30 

29^^ 

9 

. 26 

.01 

85 

24 



. 15 

.02 

69 


51.1 

8 

. 16-20 

.01 

23 


19.3“ 

4 

. 20 

.005 

60 


54“ 

6 

. 20 

.003 

145 


102.2“ 

13 


* Indicates that substance in pure state is a crystalline solid. , . , .t. 4. a 

Tcr vanri. ■ ■ ■ ■ i ^'..i ■ ' #'rpn+]rtr* f»f fiolute ut which tho measurement was madOj 9 

"■ V i‘ i- :* 1 '» per degree; A represerits the increment in 

* ■ ■ '• ■ ■: ' ' • . ■ . I : ' . ■ ■ ■ : lent capacity of the substances m the pure 

at aonroxiicnatelv the same temperature at wiiicu lae solution was measured; $ -~Cp represent the 
' capacity and heat capacity in the pure state. The value of ^ for 

■ igh and is to be regarded as very dubious. ^ ^ ^ 

le differs from alanine by two OHi groups, 



r j , • 

J. ^ 

U: : ■ V. ■ ■ ■:: , * 



'A solutions from Gucker and Ayres 
, ■ alanine from Huffman and Bor- 
Htical Tables,*^ Vol. V, and from 


This should give the order of magnitude of the molal change in heat 
capacity accompanying the formation of a carboxylate and an ammonium 
ion, separated by a large distance, in dilute aqueous solution, whether the 
charges reside qn the same or on different molecules. In a-amino acids, 
owing to the close proximity of the charges, the effect should be less. 

Essentially the same results may be derived from recent accurate EMF 
measurements on the ionization of a-amino acids^^, which permit the calcu- 
lation of ACp for these ionization processes. In any case, the ACp data 
involve the second derivative of the EMF measurements, and are thus 
subiect to some uncertainty. 
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^(Cp) was made by Gucker, Ford and Moser^^, who studied glycine and 
its uncharged isomer glycolamide*. Specific heats were measured with an 
average reproducibility of 0.01%, so that the results were far more accurate 
than those of the earlier amino acid investigations. The studies were 
carried out at three temperatures, 5*^, 25° and 40°; the results are shown 
graphically in Fig. 3, and summarized in Table 5. 

The decrease in ^{Cp) due to dipolar ionization (electrostriction) is 30,85 
cal/deg at 5°, 26.93 at 25°, and 25.98 at 40°, which is close to what might 
be expected from the EMF measurements. It is notable that $ is negative 



Figure 3. 

Apparent molal heat capac- 1 ^ 
ities of glycine and glycol* f 
amide at 5^ 25°, and 40°. 
From Gucker, F. T., Jr., Ford, 

W. li., and Moser, C. E., J. 
Physic. Chem., 43, 153 (1939). 


for glycine at 5°; the only negative value of for a non-electrolyte 
that has yet been reported. 

The slopes, a (Table 5) of the $ - m curves in dilute solution are con- 
sistently much larger for glycine than for glycolamide at all temperatures. 
Indeed, a is negative for glycolamide at 40°; and for both substances its 
ue decreases rapidly with increasing temperature. Fuoss** has calcu- 
Med from a general theory of dipole-dipole interaction, the apparent 
olal heat capacities of dipole solutes in dilute solution. In his theory 
the solute molecule is treated as a point dipole of moment /i, located in 
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that $(Cp) should be proportional to the first power of the concentration 
in dilute solution, and that the proportionality factor should increase with 
the dipole moment. Unfortunately, however, Fuoss^ equations are not 
readily applied to substances of the dipole moment of glycine, in solvents 
of the dielectric constant of water; and no quantitative comparison be- 
tween experiment and theory has yet been made. 

The rapid variation of ^{Cp) with temperature (Table 5) is notable. 
For glycine at infinite dilution it increases by more than 18 cal/deg 
between 5° and 40°; for glycolamide by more than 13 cal/deg over the 
same range. In contrast, the molal heat capacity of crystalline glycine 
changes only by 5.1 cal/deg (from 18.9 to 24,0) in the 74 degree tempera- 
ture interval from -47.5° to +26.4^^® A similarly great temperature 

Table. 6. Apparent Molal Heat Capacities op Amino Acids and Their Un- 
charged Isomers, as Described by the Equation + am + fem^ 


Temperature 5" , Temperature 25" Temperature 40® 

Substance 4>o a 6 a b a b 

Glycine -4.30 +9.01 -1.26 +8.83 +4.68 -0.47 +13.74 +3.27 -0.28 

Glycolamide +26.66 +2.39 -0.21 +36.70 +0.62 0 +39.72 - 0.62 +0.23 

a-Alanine +23.76 +3.70 -0.20 +33.69 +1.48 +0.09 +36.66 +1.99 -0.22 

0-Alanine^. +4.04’ +8.67 -0.86 +18.27 +2.64 -0.13 +23.34 +2.12 -0.10 

Lactamide +62.44 - 0.43 +0.05 +68.38 -0.48 +0.02 +60.92 -0.57 +0.02 


* The complete equation for /3-alamne (from m = 0 to m == 4,53) at 5° is 
HCp) « 4.04 + 6.67m - O.Sem^ + O-OSm^ 

All values in calories per degree per mole. 

Data for glycine and glycolamide from F. T. Gucker, Jr., W. L. Ford and C. E. 
Moser, J. Physical Chem. 43, 153 (1939) ; for a and /3-alanine and lactamide from T. W. 
Allen, Thesis f Northwestern University (1941). Gucker, P. T., Jr. and Allen, T. W. 
/. Am, Chem. See. 64, 191 (1942). 

~ dC 

Values of the partial molal heat capacity Cp^ = are given by the equation 
Cp^ » ^ (Cp) + = 4»o + 2am 4” 

dependence of 4>(Cp) is found in urea^^ Here $ varies from 10 cal/deg 
at 2° to nearly 25 cal/deg at 40°; while the molal heat capacity of crystal- 
line urea^ varies only from 17.3 cal/deg at -50° to 22.4 at +25°®^ This 
high temperature dependence oi ^{Cp} in non-electrolytes is in marked 
contrast to the relative independence of temperature found for 4>(7). 
This suggests that a systematic attempt to correlate apparent molal heai^ 
capacity with structure may prove a more complex problem than in thje 
5^i-9l.a^pparent^^ 

Since this chapter was written, T. W. Allen in Gucker^s laboratory has 
determined the apparent molal heat capacities of a and ^ alanine and 
lactamide. His results are included in Table V, and plotted in Fig. 4. 
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The diSerence in between a-alanine and lactamide is nearly the same 
at any temperature as that between glycine and glycolamide. for 

/9-alanine is 20 units lower than for a-alanine at 5°, and 13 units lower 
at 40“, showing the increase in electrostriction when the charged groups are 



more widely separated. The effect of the CH 2 group on compare 

1 .1 • 
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positive in the order lactamide, a-alanine, /3-aIanine — that is they increase 
with increasing dipole moment of the solute. 


Appahent Molal Compsessibility 
This function is defined by the equation: 

HK,) = /37 - AFi 


or 


^/Tr\ .flOOO iSilOOOdI ,, 


(19) 


( 20 ) 


where the compressibility ^ J , with a corresponding definition 

V \dr / T 

for /3i. (7 and 7i have the same meaning as in equation 2.) The values 
of the apparent molal compressibility are negative for electrolyte solu- 
tions, and are a linear function of over a wide range of concentration 
and temperature^ From the definition, 

-a$(72) 




dP 


( 21 ) 


and if ^(£^ 2 ) is negative, the apparent molal volume must increase with 
pressure (see reference 3). 

The compressibility of solutions of glycine, oi-aminobutyric acid, and 
eaminocaproic acid has been studied by Bridgman and Dow^^. The 
results they obtained are exceedingly complex; it is difficult to make any 
generalization from their data, except that the apparent molal volumes 
generally decrease with increasing pressure — ^that is, the apparent molal 
compressibilities are positive. Acetic acid^^ also shows a positive value of 
$( 1 ^ 2 ), but scarcely any other accurate data on organic solutes appear to 
be available. 

Recently we have been informed by Dr. R, B. Gibson of the Carnegie 
Institution of Washington, D. C., that he has studied the apparent molal 
compressibility of glycine over a wide range of pressures, obtaining a much 
simpler type of curve than that found by Bridgman and Dow. Gibson^s 
curve also shows a much closer similarity to that characteristic of electro- 
lyte solutions than the data of Bridgman and Dow would indicate, 
Clearly the data in this field require reinvestigation, and the measurements 
should be extended to include a much wider variety of substances. For 
the present, attempts to correlate apparent molal compressibilities with 
the structure of organic compounds must be deferred. 
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Surface Tensions op Amino Acid Solutions 

The surface tension of aqueous solutions of practically all organic com- 
pounds is lower than that of water, although certain sugars form an ex-- 
ception to this rule^^' In any homologous series, the lowering of surface 
tension produced by a given concentration of solute increases in a regular 
way with the number of CH2 groups in the chain. Solutions of most 





inorganic strong electrolytes, however, show higher surface tensions than 

pure water. This means, df course, in accordance with Gibbs’ theorem 

^ organic compounds, are negatively ad- 

sorbed at the liquid surface, 

Prom thpir KpL OTrinr* i'n /-k+Li-w. 'x * _.i_ j i . , 
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ions should show resemblances both to strong electrolytes and to typical 
organic compounds, with respect to their behavior at interfaces. The first 
systematic investigation of this point was that of Pappenheimer, Lepie 
and Wyman^\ who determined the surface tension of a number of amino 
acids by the drop weight method. They found the relation between sur- 
face tension and concentration to be linear within the experimental error; 
the results may therefore be characterized by the slopes of the a-C curves, 
which are given in Table 6 and represented graphically in Fig. 5, The 
following discussion is largely based on that given in their paper. 

Recently glycine, alanine, a-aminobutyric acid and valine have been 
studied by Belton^^ who used a modified maximum bubble pressure 
method. His values of Aa/Am for the first three of these amino acids 
(glycine 1.06 to 1.15, alanine 0.86 to 1.06, a-aminobutyric acid —0.20 to 
-0.40) are somewhat higher than those of Pappenheimer, Lepie and Wy- 

' Table 6. Molal Subpage Tension Increments ^ op Isoelectric Amino 


Acids at 25° 

Substance A 7 /AC 

Glycine +0.92 

a- Alanine +0.68 

a-Aminobutyric Acid -0.41 

CK-Aminocaproic Acid -23.0 

Betaine -0.14 

Alanine *f0.77 

/3-Aminobutyric Acid +0.06 

e-Aminocaproic Acid -0.25 


From J. R. Pappenheimer, M. P. Lepie and J. Wyman, Jr., J. Am, Chem, Soc,^ 58, 1851 (1936). 

man, and vary somewhat from one molality to another, Belton gives 
Act /A m for valine as -4.36. 

Glycine, a-alanine, i3-alanine and /5-aminobutyric acid all behave like 
inorganic salts, in that the surface tension of their solutions is greater than 
that of water, although the molal surface * tension increments are con- 
siderably less than for salts. Comparison of the four a-amino acids, or 
the two /3-amino acids, listed in Table 6, shows that increasing the length 
of the hydrocarbon chain, when the electric moment is held constant, 
decreases the molar increment of surface tension, as with other homologous 
series. The depressing effect on Aa/AC of each additional CH 2 group 
increases approximately geometrically with the number of groups intro- 
duced. In this respect the amino acids behave similarly to other homol- 
ogous series which have been studied . 

A comparison of the isomers betaine and valine is of interest. Each 
contains three CH^ srrouns more than dycine, and their electric moments 
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are nearly identical, but in betaine the CH 2 groups are attached to the 
charged nitrogen atom, while in valine they extend in a chain from the 
a-carbon atom, Aa/AC for betaine is only -014, less negative than for 
a-aminobutyric acid; while Belton^s value of Aff/Am for valine (0.420m) 
is -4.36, Thus the effect of a CH 2 group on this increment depends 
very greatly on the place at which the group is attached, especially on 
whether or not it is part of a charged group. When isomers differing in 
dipole moment are compared, it is found that the isomer of greater moment 
gives always the more positive, or less negative, value of Aa/AC, Com- 
pare for instance, in Table 6 and Fig. 4, a- and /S-alanine, a- and /8-amino- 
butyric acid, and especially a- and eaminocaproic acid. 

Pappenheimer, Lepie and Wyman determined the effect of pH on the 
surface tension of c-aminocaproic acid solutions, and found the tension 
to be a maximum at or near the isoelectric point. There was a marked 
drop in surface tension when the amino acid was converted either into the 
hydrochloride or the §odium salt. An effect of the same sort,, although 
less marked, was found by Jones and Lewis^^ in glycine. 

« R. Jones and W. C. M, Lewis, Biochem, J'., 26, 638 (1932). 



Chapter 8 

Solubility of Amino Acids, Peptides and Related 
Substances in Water and Organic Solvents* 

By John T. Edsall and George Scatchard 

Nowhere, perhaps, is the influence of dipolar ionic structure more ap- 
parent than in the solubility of dipolar ions. Here again, however, their 
distinctive behavior is most clearly appreciated when they are compared 
with other organic and inorganic compounds. Certain general relations 
between solubility and chemical structure have long been recognized. 
Substances which dissolve readily in water, for instance, are distinguished 
by the presence of certain polar groups, especially hydroxyl, carboxyl and 
amino groups; while the presence of a long hydrocarbon chain in the 
molecule tends to depress solubility in water, and to increase it in most 
organic solvents. Thus in a homologous series such as the alcohols or 
fatty acids, the lower members show a strong attraction for water; while 
the higher members are nearly insoluble in water but dissolve readily in 
ether, benzene or carbon tetrachlorideh 

The relative solubility of an amino acid in two different solvents may 
often be predicted with considerable accuracy, and the systematic relations 
found are set forth in this and in the three following chapters. On the 
other hand, it is as yet impossible to predict the absolute value of the 
solubility of an amino acid in any one solvent, although important correla- 
tions between solubility and structure are observed. It is desirable, how- 
ever, to consider certain general principles determining solubility, before 
passing on to the discussion of experimental data. 

Solubility and Intermolecular Forces 

The solubility of a solid in a liquid may be conveniently factored into 
two parts: the solubility the solid would have in an ideal solution, and the 
activity coefficient in the solution in question. If the solid phase is the 

* Earlier reviews of much of the material in this chapter have been, given by Cohn, E. J., Ann, Eev. ofBio^ 



178 


PROTEINS, AMINO ACIDS AND PEPTIDES 


pure solute, and not a solid solution, and if the heat of fusion may be 
regarded as independent of the temperature, we obtain from equation 42, 
Chapter 3, 


-In 02 = -In S2 - In 72 = 


( 1 ) 


in which a 2 is the activity of the solute in the saturated solution, S 2 its mole 
fraction in the saturated solution, and 72 its activity coefficient. AH/fn 
is the heat of fusion per mole, and T/ is the temperature of fusion, ck may 
be regarded as the ratio of the vapor pressure of the solid to that of the 
supercooled liquid solute at the same temperature, assuming that the vapor 
behaves as a perfect gas. 

In an ideal solution In 72 is zero, so This ideal solubility depends 

AHf T 

> and upon - 1. For many substances it has been found 


, AiT/ , 

tnat has approximately the same value, particularly when closely 

felated _substances are considered. Walden'* gave this value a; 13.6 
cal deg mole ' for many organic compounds. Where such a relation 
holds, It gives a law for the entropies of fusion corresponding to Trouton’s 
law for the entropies of evaporation. Exceptions are found in the case of 
substances which undergo a transition in the solid state below the tempera- 
ture of fusion; in this case the entropy of fusion may be abnormally low^^ 
ow entropies of fusion are found also for solids which melt to form “as- 
sociated liquids, especially those in which “hydrogen bonds” play an 
important part. Since amino acids decompose on melting, their entropies 
of fusion have not been determined, but it is certain that thev have very 
high values, both of Aif//n and of Tf. ' ^ 

The ideal solubility also depends on ^ - 1. Thus at the melting point 

of course miscible 

s^ce Zr? i i'^oooies inaccurate, 

Z S t tT/ *0 solid solute and the pure 

hquid which It forms on. melting. The equation can, however be readilv 
modified to take account of these terms (reference 1 pp 32-35') Thl 

To coojrfer In y, „e investigate the work, other than the Zt of 
pansion, due to the forces of attraction. Tf +.>«« o„iwt,i-„rtor. 
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soluble this work is the same in the saturated solution as in the pure solvent. 
By definition it is the same in the ideal solution as in the supercooled liquid 
solute. So it is convenient to consider the transfer of molecules of solute 
from the supercooled liquid to an infinitely dilute solution in component 1 
(the solvent). It is also convenient, in a preliminary discussion, to consider 
that the media are continuous, without molecular structure. Thus the 
surface of a hole left by the removal of a molecule is equal to the surface 
of the molecule. 

The first step is to remove the molecule of surface area from the super- 
cooled liquid into the vapor phase, leaving a hole in the interior of the 
liquid. If the work per unit surface is IT22, the work of this step is 2021^22; 
since two new surfaces — ^that of the molecule and that of the hole — have 
been created, and each is of area 02. When the hole in the liquid collapses, 
half this work is regained, making the net work in this process 02IF22, 
which is the energy of vaporization per molecule. Before the molecule 
can be transferred to the solvent, a hole must be created for it, which 
requires the work Q^Wn, There is a gain in work on placing the molecule 
in the hole, for the surface of the molecule is covered by the solvent giving 
a work -021^12, and the surface of the hole is covered by the solute, giving 
a work -~02lT'2i. Since these operations cannot be carried out indepen- 
dently, it is not possible to determine Wn and TF21 independently, so we 
usually let 1^12 represent the average and 20211^12 the work of this step. 
Then the total work is: 

RT In 72(1) - mWn + W22 - 2TF12) (2) 

The expression in parentheses is symmetrical with respect to the two com- 
ponents if the work depends only on the surfaces of contact. In this case 

RT In 7 i(2) - QiiWn + 1^22 - 2 If 12) ( 3 ) 

The conceptions here outlined are due to Langmuir^ and were elaborated 
by him in detail. Langmuir^s treatment involved the assumption that 
the surface of a molecule is proportional to the two-thirds power of its 
volume. This is not in general true; and in most cases it appears more 
accurate to treat the work terms as proportional to the volume of the 
molecule^’ Thus the equations for In 7 become 


RT In 72(1) = 1^2(611 + 622 “• 2612) (4) 

RT In 7 i(2) == Vx(bn + 622 - 2612) (5) 


Scatchard^ has showh that, for non-polar liquids^ F2&22 may be taken as 


ih 


a dTMrkyrrfT r\* 





jr\Yrr» 
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as that for the first component. If bn is the arithmetic mean of hn and 
bn, the solutions formed are ideal. For non-polar mixtures in general, 
and often even when one component is somewhat polar, 612 is nearly equal 
to the geometric mean, so that {hn -f 622 - ^bn) is approximately 

- bliY, which is always positive. 

If the molecules are distributed at random in the solution, both as 
regards position and orientation, then it is plausible to assume that the 
entropy of mixing is the same as for an ideal solution. If there is no change 
of volume on mixing®, then we may set AH = AE for the mixing process, and 


AF = AH ^ NiRT In Ni 4 - N2BT In N2 ( 6 ) 

Under these circumstances, hn is independent of composition, and the 
activity coefficients in any solution of 1 and 2 are given by: 

BT In 72 = YiCbii + 622 - 2bB) ( 7 ) 

BT In 71 = Viihi + 622 - 2 & 12 ) ( 8 ) 

SO that the treatment may be extended to solutions which are not dilute. 
If 612 == ^/biihn, equations 7 and 8 become 

In 72 = F2(6if - bUy ( 7 a) 

RT In 71 = V,(by - bUy (8a) 


It has been shown by Scatchard^, Hildebrand® and others that these 
equations describe satisfactorily the activity coefficients in many solutions 
of non-polar or slightly polar substances . These have been called ^ ^regular ^ ' 
solutions. 

Polar Liquids and Hydrogen Bonds 

The situation in highly polar liquids is quite different, especially in liquids 
like water and the alcohols, in which neighboring molecules tend to assume 
preferred orientations relative to one another. The general treatment 
underlying equations 4 and 6 still applies, however, and in all cases In y, 
as a function of. composition, should be expressible in the power series 
discussed in Chapter 3. Fi&n and F 2&22 can no longer be set equal to the 
energies of evaporation of components 1 and 2 , but the energies of evapora- 
tion still afford a valuable index of the strength of the intermolecular forces 
in the pure liquids. Thus hn in water is much greater than 622 in most 
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equation 4; hence the activity coefficient of the hydrocarbon is very large, 
and its solubility extremely low. Organic molecules are readily soluble 
in water only when they contain highly polar groups with a strong attrac- 
tion for water. Dipolar solutes containing hydroxyl, carboxyl or amino 
groups are generally far more soluble in water than other molecules of the 
same or higher dipole moment (reference 1, p. 149). Thus propionitrile, 
C2H6CN, and nitroethane,.C2H6N02, with dipole moments about 3,6 X 
esu., are only moderately soluble in water, while C2HBOH, with a dipole 
moment only half as large, is miscible with water in all proportions. This 
effect of the OH dipole is due to the very small size of the proton, which 
permits it, when attached to a strongly electronegative atom, to attract 
a second electronegative atom to a very small distance of approach. This 
linkage of two electronegative atoms by hydrogen is known as the hydrogen 
bond^. It is relatively weak, compared with intramolecular bonds; the 
energy of the reaction, XH + F = XH .... F, being of the order of magnitude 
of 5 kcal/mole. This is sufficient, however, to give a very large positive 
contribution to hi 2 in equations 4 and 6. This tends to decrease log 7 
and to increase the solubility of such a solute. 

It is primarily the formation of hydrogen bonds between water molecules 
which makes 611 so large for water. In ice, which closely resembles cold 
water in structure, each hydrogen, links the oxygens of two neighboring 
water molecules. The hydrogen is not, however, equidistant between the 
two; it is closely attached to one of them, within the molecule of which it 
forms a part (0~H distance about 0.99 A), while it is more distant from the 
other (about 1.77A) (reference 7, p. 301), but is still much closer to it than 
would be possible without the stroilg electrostatic attraction which leads 
to hydrogen bond formation®. 

It is primarily for steric reasons that the hydrogen bond is so important 
in enhancing cohesive forces between molecules. Other dipoles are 
limited to a much greater distance of closest approach because of the large 
radii of the atoms of which they are composed; hence the energy of inter- 
action of the dipoles cannot be so great as in hydrogen bond formation, 
even though their moments may be larger. 

Consider now the state of a molecule, say an alcohol, in dilute solution 
in water. The alcohol consists of a poMr hydroxyl group attached to a 
non-polar hydrocarbon residue. As Langmuir® first showed in detail, 
it is often valuable to consider 612 for molecules containing several types 
of groups as made up of several terms. In the present case there would 
be two such terms, one representing the cohesive energy per unit surface 
for volumel for the hvrIroearLnn-.wflf,pr fVi/a 
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portional to the surface (or volume) of the groups involved. Extensive 
illustrations of the value of this concept are found later in this and the 
next chapter, in the discussion of relative solubilities in water and organic 
solvents. As a preliminary example, we may consider some data on dilute 
solutions of alcohols in water, since they reveal certain features character- 
istic of many other aqueous solutions (Table 1 ). 

The values of log y in Table 1 were obtained by Butler® from measure- 
ments of the partial pressure, p2, of alcohol vapor over dilute aqueous 


Table 1. Dilute Solutions op Alcohols in Water at 25® 


Alcohol 

pi 

^ Ni Pi 

log r 

isr In 7 
cal. /mole 

E 

cal. /mole 

A e _ A 

^^1 cahVole/deg. 

CH 3 OH 

1.51 

0.179 

244 

-2300 

-8.5 

12 

C 2 H 5 OH 

3.69 

0.567 

774 

-2760 

-11.9 

26 

n-CsHTOH 

14.4 

1.158 

1580 

-3370 

-16.6 

51 

iso-CzR^OR 

7.7 

0,887 

1210 

(-2830) 

(-13.6) 


n-C 4 H 90 H 

52,9 

1.724 

2350 

-4140 

-21,7 


iso-C4H90H 

43.2 

1.636 

2230 

(-2180) 

(-14.8) 


sec-C 4 HflOH 

25.1 

1.400 

1910 




ieri-C 4 H 90 H 

11.8 

1.072 

1470 

(-3550) 

(-16.8) 


n-CeHuOH 

. . . 214. 

,2.330 

3180 

-5050 

-27.6 


fer^-CsHiiOH 

35. 

1.544 

2110 




W-CaHisOH 

... 903. 

2.956 

4040 




n-CrHisOH 

... 3560. 

3.551 

4850 




n-CsHnOH 

. ... 12300. 

4.090 

5580 





Value of y from Bigler, X A, V., Trans, Faraday Soc., 33. 229 (1937) . Values for the heat of solution in water 
at infinite dilution, if — H°, are taken partly from Butler, partly from '^International Critical Tables” and 
Landolt-Bornstein "Erg&nzungshande”ll and III. AS — AS j represents the entropy of solution at infinite 
dilution, minus the entr 9 py of solution for an ideal solution 

T (AS- ASj) ^ B - So - RTlny 

Values of Cp - CpO calculated from Bose, E., Z, Physik Chem., 58, 685 (1907). In all cases, the standard state 
is taken as the pure alcohol at 25*. 


solutions. If pt is the vapor pressure of the pure alcohol at 25 "", and N2 
the mole fraction of alcohol in the solution, then 

P2 

T2 0 

ly'uPT. 

This, extrapolated to zero mole fraction of alcohol, gives 72(1). The 
reciprocal of 72(1) has been called the “ideaF^ solubility of component 2 
in 1, since it is the mole fraction which would have unit activity, if the 
activity coefficient were the same in all solutions as in the infinitely dilute 
solution^®. 


9 "Rnflftr. T A. V Trnvto 11 oon /inon\ 
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IJhe data in Table 1 show several characteristic features. The devia- 
tions from Raoult^s law are invariably positive (7 > 1 ). Considering only 
the straight-chain alcohols, 7 increases between three- and fourfold for 
each additional CH 2 group. A similar rule holds more exactly, as we shall 
see, for the relative solubility of amino acids and related substances in 
water and organic solvents. A branched-chain alcohol gives a lower value 
of log 7 than its straight-chain isomer; that is, it behaves like a straight- 
chain compound with fewer carbon^atoms. 

A great deviation from the laws of “regular^’ solutions is revealed by the 
comparison of the values of RT In y and ol H — (heat of solution) in 
Table 1. For regular solutions — that is, solutions which fulfil the condi- 
tions assumed in deriving equation 7a — ^these two quantities should be 
identical (see equation 6 ). Here they are not only of very different magni- 
tude, but of opposite sign. Hence there is a large, and negative, entropy 
of mixing, in addition to the entropy of mixing of an ideal solution. This 
shows again what we already know, that the positions and orientations 
of water molecules about an alcohol molecule are not random; although the 
magnitude and sign of this entropy change cannot as yet be predicted 
theoretically. We may infer from this and other facts that the values of 
bn (and also of bn and 622 ) for these systems must change considerably with 
temperature, and probably also with composition. The fact that heat is 
evolved on dissolving these alcohols in water shows that the activity coef- 
ficients increase with rising temperature (equation 46, chapter 3 ). In 
other words the positive deviations from Raoult^s law increase with tem- 
perature. This phenomenon is characteristic of many organic solutes in 
water, which frequently show decreasing solubility with increasing tem- 
perature^^; it is the converse of the usual behavior of non-aqueous solutions, 
which generally become more nearly ideal as the temperature rises (ref- 
erence 1, pp. 49 and 57). _ The large positive values of Cp - Cp (Table 1), 
however, tend to make H - IE less negative at higher temperatures, so 

that at sufficiently high temperatures may become negative. 

d I 


Thus in many respects, the behavior of these solutions is complex. The 
change in free energy of solution, however, with change in the number of 
CH 2 groups in the solute, is. quite systematic and bears a definite relation 
to structure. 

The substances considered in this preliminary discussion are dipoles of 


mum. if there were complete miscibili*^' '■> '.I), If the two are very slightly soluble in each other, 

the activity is pri^ticall:^ that of the ■ ... i- ne activity coefficient of the solute is oracticallv that- 
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small electric moment. We may now consider the effect of dipolar ionic 
structure upon the solubility of the amino acids. 


Melting Points and Crystal Structure of Amino Acids: Their Significance 
for Solubility 


Equation 1 has important implications concerning ,4he ideal solubility 
of the amino acids. On account of the electrostatic forces binding the 
molecules in the crystal, their melting points are very high (Table 2). 
In fact, since they decompose on melting, the melting process is irreversible, 
and the values experimentally determined represent decomposition points 
rather than melting points. The true melting points, if they could be 
determined, would probably be higher than the values reported in Table 2; 
certainly they are not lower. Thus, since Tf for most amino acids is near 

SOO’C., or higher, the factor in equation 1 is not far from unity 

for solubility measurements at 25°C. Unless the entropy of fusion for 
amino acids is abnormally low, this makes their ideal solubility very small. 
Table 2 gives also the melting points of a number of salts and organic 
compounds. The values for amino acids are much higher than for most 
organic compounds, but much lower than for salts, as would be expected 
from their structure. Among organic compounds which are not dipolar 
ions, the amides and other substances containing the GONE group 
have particularly high melting points. Oxamide (CO • NH 2)2 melts at 419°; 
glycolamide, the uncharged isomer of glycine, melts at the much lower 
temperature of 119^. 


The significance of the high melting points of amino acids and betaines 
was clearly recognized by Pfeiffer'^ who based his conclusion that these 
compounds were dipolar ions mainly on this line of evidence-. Bjebum'* 
also, mdependently of Pfeiffer, clearly recognized the importance of the 
evidence on this point in his classical paper on dipolar ions. 

Qualitatively the significance of the high melting points of the amino 
acids IS clear. The exact value of the melting point of any substance 
however, is a very complex function of the nature of the molecules and their 
arrangement in the crystal. A deeper understanding of the nature of the 
forces operative m the crystals can come only by way of determination 
^ the crystal structure through x-ray diffraction measurements. The first 
investigations m this field were by Bernal^ who determined the unit cells 
and space groups of fifteen amino acids and related compounds. His data 
were not sufficient to establish the atomic positions in any of these crvstals 
but he concluded that “for the simpler amino acids the tendency wiU be to ' 
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approach ionic packing (as witnessed by their high specific gravity) . , . 
the determining factor in the structure of a-amino acids is the dipole 
group ■^HsN-CHR-COO^'. These groups pack together in double mole- 
cules or in extended chains/’ 

In the same years, Hengstenberg and Lenel^^ reported a detailed study 
of glycine crystals and proposed a structure which, however, has not proved 


Table 2. Melting Points op Salts, Amino Acids and Unchaeged Molecules 


Inorganic Salts 

Barium chloride 

Sodium chloride 

Potassium chloride 

Lithium chloride 

Lithmm bromide 

Lithium iodide 

Amino Acids 

Glycine 

dZ- Alanine 

dZ- Valine ' 

dZ-Leucine 

dZ-a-Aitiinocaproic acid 

Diglycine 

dZ-Phenylalanine 

Z-Tyrosine 

Certain Amino Acid 
Derivatives 

Glycyl amide 

Alanyl amide 

Leucyl amide 

Formylglycine 

Formylglycylglycine 

Formyl“o:-aminobutyric acid 

Formylleucine 

Acetylglycine. 

Hydantoic acid of glycine. 

Hydantoic acid of alanine 

Hydantoin of glycine 

Hydantoin of a-aminobutyric acid. . 

Hydantoin of leucine 

Hydantoin of aspartic acid 


Melting Melting 

Pomt (*C.) Normal Hydrocarbons Point ("C.) 

925 Ethane -172 

804 Propane -189 

772 Pentane. -131 

613 Hexane —94 

547 Heptane —90 

446 Octane. -66 

Aliphatic Amines and Acids 

290 Ethylamine -80.6 

297 Propylamine -83.0 

292 Amy famine -65.0 

332 Hexylamine -19.0 

327 Acetic acid 16.6 

262-264 Propionic acid. —22.0 

318-320 Valeric acid -34.5 

342-344 Caproic acid -9.5 

Certain other 
Organic Compounds 

66“ 68 ^ Acetamide 81 

71- 72 Glycolamide 119 

105-108 Lactamide 77 

162-163 Butyramide 116 

168- 170 Benzamide 130 

154-156 Acetanilide 114 

114-116 169 

206 I : 164 

169- 170 Urethane 48 

169-170 Ethyl allophanate.... 191 

217-218 Glucose ' 146 

118-120 Sucrose 186 

208-209 Urea 133 

215-217 Formyl urea 169 

Biuret 193 

Acetyl urea 217 

Carbonyl diurea 233 

Allantoin 236 

Acetyl biuret 194 


•^From Edsall, J. T., in **The Chemutry of the Amino Acids and Proteins edited by C.L. A. Schmidt, Chap- 

ter XVI, p. 894. 




to be the correct one. The very thorough and painstaking studies of 
Albrecht and Corey^® have finally established the correct structure in 
detail. The crystal is monoclinic, the unit cell having the dimensions 
do « 6.10 A, bo = 11.96 A, Co = 5.45 A, - 110° 38'; it contains four mole* 
cules^^. The arrangement is found to nonsist of flat trUrn\r.r. 
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molecules bound together by hydrogen bonds to form discrete layers. . . . 
Within the molecule interatomic distances are Ci Oi, 1.27 A; Ci - On, 
1.25 X; Ci - Cn, 1.52 X, and Cn - N, 1.39 X.” The probable error in 
these distances was estimated at =b 0.02 X. “The difference, 0.02 X, 
between the C ~ 0 distances is within the limit of accuracy of their de- 
termination, so that no significance is to be attached to it.'^ (Reference 
16, p. 1098). The two C and the two 0 atoms are coplanar, within the 
limits of error of the measurements. The center of the N atom is 0.268 X 


away from the plane of the rest of the molecule. (See Chapter 14, Fig. 3). 
The authors conclude that “in the glycine crystal the molecule has the 
^zwitter-ion' structure, H3N'^CH2*COO~, two of the three hydrogeu 
atoms attached to nitrogen forming strong hydrogen bonds to oxygen atoms 
in the same layer and the third sharing its bond-forming capacity nearly 
equally between two nearest oxygen atoms in the adjacent layer. The 
glycine crystal would thus be made up of double layers of molecules held 
firmly intact by hydrogen bonds between nitrogen and oxygen atoms and 
also by the electrostatic forces effective between these same atoms which 
constitute the positive and negative extremes of the polar molecule.” 
(Reference 16, p. 1100). 


The influence of dipolar ionic structure on packing within the crystal 
may be seen by comparing the density of crystalline glycine with that of 
Its uncharged isomer, glycolamide'®. The density of solid glycine is 1.607 
(molal volume 46.71 cc) ; the density of glycolamide is 1 .390 (molal volume 
54.01 cc). The difference of 730 cc in the molal volumes reflects the 
inuch closer packing in the glycine crystal, because of the electrostatic 
attraction of the charged groups. 

Recently Levy and Corey“ have determined in detail the crystal 
s ructure of df-alanine. The unit cell is orthorhombic (ao = 12.04 A, 
0 = 6.04 A, Co = 5.81 A) and contains four molecules of alanine. The 
dimensions of the molecules are discussed in Chapter 14. The molecules 
in the crystal are not built into double layers, as in glycine; the additional 
methyl group prevents the approach of neighboring molecules in the 
lead to such a layer structure. Instead, the molecules 

closelvhnt rt^^ electrostatic forces into a 

closely knit three-dimensional framework. The positions of the hydrogens 

are, of course, not precisely fixed by the x-ray analysis; but the structare 
indicates that the three hydrogens of the — NHj' group are arranged in 
approximately the tetrahedral positions around the nitrogen, each N— H 
bond pointing toward an oxygen atom of a — COO~ group in one of the 
n^ghbonng molecules. The three .toms (N-H-0) LJng each hydfo! 
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gen bond are thus approximately collinear. The two oxygens of the 
— 000"“ group in each molecule are different; one is linked by two hydrogen 
bonds to adjacent nitrogens, the other to only one. The detailed discus- 
sion of the structure in the original paper brings out many significant 
points which cannot be discussed here. 

The work of separating an amino acid molecule from the crystal lattice, 
which is a necessary preliminary to the process of solution, depends pri- 
marily on the electrostatic forces between the — NH^ and — COO" groups 
and on the hydrogen bonds through which these forces largely operate^®. 
The van der Waals forces which are responsible for the cohesive energy of 
crystals of non-polar molecules are of secondary importance for the amino 
acids. 

Solubility and Heat of Solution of Amino Acids in Water 

An amino acid in aqueous solution is closely united to some of the imme- 
diately surrounding water molecules by forces similar to those which 
bind it to other amino acid molecules in the crystal. Even if an amino 
acid had the ^^uncharged” structure, H2N*R'C00H, the amino and 
carboxyl groups would form hydrogen bonds with the solvent water. 
These bonds are very much stronger, however, for a dipolar ion; as is 
vshown, for instance, by the large decreases in volume and heat capacity 
accompanying the reaction: 

HoN • R • COOH ^ +H3N ■ R • COO" 

These effects, due to the electrostriction of the solvent around the charged 
groups, have been discussed in Chapter 7 . From the values of AH, and 
of the equilibrium constant for the above reaction, as given in Chapter 4 , 
we may also estimate that the formation of a dipolar ion in water is ac- 
companied by a large decrease of entropy, AS being approximately -12 
entropy units per mole at 25 ® for an ce-amino acid, and —18 for an amino 
acid in which the charged groups are widely separated. This entropy 
change is a reflection of the increased regularity in the orientation of the 
water molecules around the amino acid, due to the charged groups of the 
dipolar ion. All these effects indicate that the cohesive forces between 
solute and solvent, the magnitude of which is expressed by 612 in equation 4 , 
must be very great. Owing to the magnitude of these forces, it is reason- 
able that log y in that equation should often be small or negative, the solu- 
bility of the amino acid being then correspondingly high. 

The relative importance of hydrogen bond formation, and of dipolar 
ionic structure, in determining* f?n1nhilifAr ir> 1-- 
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paring three isomers — glycine, glycolamide and nitroethane (Table 3). 
The first is a dipolar ion; the second is not, although it contains three 
hydrogens capable of entering into hydrogen bond formation; the third, 
although highly polar, contains no hydrogen in its polar group. These 
three isomers show a great decline in melting point, and a very great 
increase in the alcohol-water solubility ratio, in the order: glycine-glycol- 
amide-nitroethane. The great difference between the two latter com- 
pounds, which are about equally polar, confirms the view of Hildebrand 
(reference 1, Chapter 4) that polarity alone cannot form the basis of any 
adequate theory of solubility. 

In recent years, very accurate and concordant solubility values for amino 
acids have been obtained in at least three different laboratories; by Schmidt 
and his collaborators (Table 4) ; by Dunn and his collaborators (Chapter 9, 
Table 5) and by Cohn, McMeekin and their collaborators (Chapter 9, 
Tables 2, 3 and 4). The extensive data on solubility in water from 
Schmidt^s laboratory cover a large number of amino acids over a wide 
temperature range. The individual values are too numerous to be listed 


Table 3. Melting Points and Solubilities of the Isomehs Gltgine, 
Glycolamide and Nitroethane 


Substance 

-hHjN.CHrCOO-.. 
H0-CH2^C0NH2.... 
HaC-CHa-NOa 


Melting Sol. in Water, moles Sol. in Alcohol , moles 
Point ("C.) per liter at 25®C. per liter at 2S'’C. 

290° (dec) 2.8$6 0.00039 

119° 5.509 0.3422 

<-50° 0.6 (approx.) co 


here; the data are compactly summarized by equations which permit the 
solubility of any amino acid in water to be readily calculated, in most 
cases for the entire temperature range from 0° to 100° (Table 4). 

These data show the enormous variation in solubility with structure, 
from the very soluble molecules proline, hydroxyproline and glycine to 
such very insoluble ones as cystine, tyrosine and diiodotyrosine. In the 
series glycine, alanine, valine, norleucine there is a progressive decrease 
in solubility with increase m the number of — CH 2 groups^^; but apart 
from this regularity, it is difficult to state general relations between solu- 
bility and structure. Relative solubility in different solvents, as we 
shall see, is much more closely related to structure. 

The temperature coefficient of solubility is intimately related to the 
heat of solution of the solute. If we differentiate equation 1 with respect 
to temperature, we obtain 

/d In a 2 \ AHffn 
\ /. 


T?T2 


(9) 
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The subscript s means saturated solution. This differential equation may 
be applied to the actiyity relative to any standard state, such as that in 
which 72 is unity in a very dilute solution, if AH fin is replaced by the 
partial molalheatof solution of the solute in that standard state, but the in- 
tegration constant cannot be determined from the melting point. We 
may write: 


/d\nal\ _ /a In NA , In 72^ 

\W^ A ~ /. \~dT~ A 

_/dhiNA /ainY2\ /alniV2\ /a In 72'^ 
V dT J. \d In nJt \ dT /.\ dT ). 


dT 


\d In N 2 , 

^<9 In Y2 


However, RT^ 


dT 

/a In 72\ 
V dT / 


is the difference between the partial molal heat 


content of the solute in the standard state and in the saturated solution. 
Hence 


RT" 


/d In A?'2\ fi , ln72\ 

V dT AL VdlniSTsA 


n 


( 11 ) 


where is the partial molal heat of solution of the solid in a saturated 

solution^^ For very insoluble substances we may set = N 2 i even in the 
saturated solution. 

Table 5 gives data on the heats of solution for amino acids in very 
dilute and in saturated solutions. These were derived partly from the 
temperature coefficient of solubility, and partly from calorimetric measure- 


ments. The values of 


Hi = 


RT 


/ d in 7 A 
\ dT Jn2 


for the saturated 


solution, were derived from measuEements of the heat of dilution^^ The 
experimental data were all obtained by Schmidt and his collaborators-; as 
tabulated here, the data were recalculated by Borsook and Huffman. 

The heat of solution of a solid may be divided into two parts; (1) the 
heat of sublimation of the crystalline solute, which is determined by its 
crystal lattice energy, and (2) the heat of solvation of the vaporized 
solute molecules. 


AHsolution — AJTaubl. "f“ ^H^oly, 


( 12 ) 


For a liquid solute, the heat of vaporization of course replaces that of 
sublimation in this equation. 



Table 4. Coefficients of Solubility Equations of Ceetain Amino Acids in Water* 

From Borsook, H. and Huffman, H, M.* 
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Amino acids may be sublimed with little decomposition at temperatures 
around 150°^^, but as yet nothing is known concerning their heats of sub- 
limation. These must certainly be very large, in view of the very powerful 
forces binding them in the crystal lattice. The process of solvation must 


Table 6. 


Calculated and Observed Values op Heats of Solution op 
Amino Acids in Aqueous Solution at 25° 



m - (solid) 


El (sat’d) — Hi (solid) 

Amino Acid 

Measured 

directly 

Calculated 

from 

solubility 

data 

i Hi (sat'd) — H%^ 
^ Measured 

From 

thermal 

data 

Calculate< 
from solu 
bility and 
activity 
coefficientj 

i 

d In y 
dlnm 

i 

d-Alanine 


1830 

2200 



1830 

2200 

0 

0 

Alanine 

2040 ±20 
1500 

sm 

5760 

6000 

7100 

210 

-425 (l.OM) 

-200? 

-200? 

2250 

1 1100 
8000 
6760 
6800 
6900 

£?- Arginine, 

Z-Asparagine • H 2 O . 

Z- Asparagine 

Z-Aspartic acid . . . . 
dZ~Aspartic acid. . . 
Z-Ovatino 

8430 

6180 

7160 

6610 

7820 

6640 

6170 

3370 

6580 

6500 

-0,649 

-0.649 

Z-Diiodobyrosino . . 
d-Glntamic acid, . . 
dZ-GIutamic ^ acid . . 
Glycine 

6530 

3750 ±15 
3300 

1400 

-200? 

-400 

-90 (0.6M) 
-35 (2M) 

6300 

6330 

3350 

3200 

1400 

7830 

6050 

5710 

3370 

0 

-0.639 

-0.539 

-0.0607 

Z-Histidine 

Z-Hydroxyproline. , 
d-lsoleucine 

1440 

840 

1780 

840 

2000 



dZ-Isoleucine 

Z-Leucine 




1780 

830 

2070 

0 

0.382 

0,382 

cZZ-Leucine 




cZ-Lysine 

-4000 d=100 
4000 ±100 

-7S0 ±50 

3600 ±40 
6180 ±60 
6000 ±100 

500 (IM) 

1060 (8M) 

-1100 (7M) 
-130 

-3500 

4000 

>300 

2^ 

6060 

6700 

cZZ-Methionine 

dZ-Norleucine 

Z-Phenylalanine . . . 
cZZ-Phenylalanine . . 

Z-Proline 

d-Pyroglutainic 
acid 

4230 

2530 

2820 

2760 

1340 

2530 

2760 

0 

0 

dZ-Serine. 

5410 

5980 

1360 

5950 



Taurine 



Z-Tryptophane 

Z-Tyrosine 

— olKJ 

5950 

0 

d-Valine 




dZ- Valine 

1430 ±26 j 

ouu 

1460 

OAA 

1730 

1690 

-0.0649 


oUU 


^iwe,u.A.,anclSchmidt,C.I. \ .J -i-. : ■■■■’* .I'L--- 1936); 

rp , , , . - . . , IW.I . u. .. ;,v,t . ...l-o ; r:,, j., ■ 1 ,, 

involve a large evolution of heat, due to the interaction of the ionic groups 
of the (hpolar ion with the solvent, but the magnitude of this effect must 
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heat is absorbed on solution, for all the amino acids studied except glycine 
and proline, it is plain that the heat absorbed on sublimation is generally 
larger than that evolved in the solvation process. Here again, one term 
depends only on the properties of the pure solute; the other on the inter- 
action between solvent and solute. 

For a solid, such as an amino acid, the heat of sublimation determines 
the change of the vapor pressure with temperature: 

a In _ AHaubi. 

dT RP ^ ^ 


In general, substances such as the amino acids, which melt at very high 
temperatures will show very low values of and high values of AiJsubi. as 
compared with most organic compounds. 


Table 6. Molecular Cohesion op Various Aliphatic Groups 


Group 

Molecular Cohesion, 
in cal. per mole 

Group 

Molecular Cohesion 
in cal. per mole 

-CHa \ 

1780 

— NH2 

3530 

=CH, / 

—Cl 

3400 

— CHa — \ 
=CH~ / 

990 

less exactly known 

— CH— 

— 0- 

-380 

1630 

— F 

2060 

— OH 

7250 

— Br 

4300 

—CO 

4270 

— J 

5040 

— CHO 

4700 

— NO2 

7200 

— COOH 

8970 

— SH 

4250 

— COOCH3 

5600 

— CONHa 

13200 

— COOC2H5 

6230 

—CONH— 

10600 


From Meyer, K. H., and Mark, H., "Der Aufbau der hochpolymeren organiscben Naturatoffe”, p. 27, 
Akad. Verb, Leipzig, 1930. 


Molal heats of vaporization for many substances may be approximately 
calculated empirically as a sum of terms assigned to various groups in the 
molecule. Meyer and Mark^® have given a table of such cohesive energies 
for various groups, which is reproduced here (Table 6). 

The high values for the hydroxyl and carboxyl groups are again notable; 
but the very great energy required to vaporize compounds containing 
CONH 2 and CONH groups is outstanding. The cohesive energy due to 
the peptide linkage, and to the charged groups of dipolar ions, must 
play a major role in determining the crystal lattice energy and the 
solubility of peptides and proteins. Thus Emil Fischer^® pointed out 
that the solubility of the glycine peptides in water decreases with increasing 
number of glycyl residues in the chain. The high symmetry of these 
peptides and the absence of side chains, permits very close packing of the 
molecules in the crystal; the high cohesive forces due to the — CONH — 
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groups, combined with the electrostatic forces due to the charged groups, 
make the crystal lattice energy high and the solubility low. 

Comparison of the heats of solution of closely related substances may 
be used to gain some information regarding differences in crystal lattice 
energy. This is particularly true when optically active and racemic 


Table 7. Heats of Solution and Ckystal Densities op Racemic and Optically 

Active Amino Acids 


Heat of 


Substance 

c?“ Alanine (1) 

Alanine 

<i-Valine...: (2) 

dl-Nalme 

Z-Leucine (1) 

dUheucine 

<i-Isoleucine : 

(iZ-Isoleucine 

Z-Phenyl alanine (3) 

cZZ-Phenylalanine 

Z-Tyrosine 

cZ-Tyrosine 

cZZ-Tyrosine 

dZ-Diiodotyrosine 

Z-Diiodotyrosine •. 

Z-Aspartic acid 

cZZ- Aspartic acid — , . . , i 

cZ*Glutamic acid (1) 

cZZ-Glutamic acid 


the 
■ itha 


(1) 

(1) 

Crystal 

Density 

1.401 

1.425 

Solution 

AS: 

cals/mole 

1830 

2200 

ABdl - 
ABaet, 

370 

(2) 

(1) 

1.230 

1.316 

500 

1590 

1090 

(1) 

(1) 

1.165 

1.191 

830 

2070 

1240 

(3) 

(1) 


843 

1780 

937 

(3) 

(1) 


2820 

2760 

-60 

(4) 

(4) 

(4) 

1.456 

5950 

5950 

6110 

160 

(4) 

(4) 


5830 

7830 

-2000 

(1) 

(1) 


5580 

6500 

920 

(1) 

(1) 

1.538 

1.460 

6050 

5710 

-340 


1.231 

1.278 

T’ , 


11 X.I.* f 

.! , ■ 





a-Amino-n-butyric acid — 
a-Amino-isobutyric acid . . . 

Tbet ' ■ . ' ■ r- 
(5), exce ■ . ■ *. 

ume I. j 1 : ■ ■ ■ ' 

work of Z ■ ■ 

values given here are apparently the most direct . . ■ , , ■ ■ ■ 

the different substances. 

(1) Dalton, J. B., and Schmidt, C. L. A., J. BioL Chem., 103, 640 (1933). 

(2) Dalton. J, B., and Schmidt, C. L. A., J. Gen, Physiol., 19, 767 (1938). 

(3) B. C. L. A., BioL CAem., 109, 241 (1936). 

(4) V. ! ! ■, . ' - . :> ■ ■ C. L. A., J. Gen. Physiol, 18, 889 (1935). 

(5) ■ Edsall, J. T. and Weare, J. H., J. Am. Chem. Soc., 56, 2270 (1934), 

(6) Zittie, C. A.’ and Schmidt, C, L. A., J. Biol Chem., 108, 161 (1935). 


forms of the same compound are considered. The heat of solvation 
(AJTsoiv. in equation 12) is presumably the same for the d- and Z-forms 
of any substance (provided the solvent is not optically active). There- 
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Hence the difference in heat of solution between the two forms should 
reveal directly the difference in their heats of sublimation or crystal lattice 
energies: 

\AlIs}dl — (^Hsubl.)dZ (AHsubl.)act. (1"^) 

The available data, summarized in Table 7, reveal that there is generally 
a marked difference in heat of solution between the d- or L and the dZ-form 
of an amino acid. In six of nine substances listed, the dZ-form shows a 
greater crystal lattice energy; in one (phenylalanine) the two forms are 
nearly equal; and in two (glutamic acid and diiodotyrosine) the dZ-fbrm 
has the lower crystal lattice energy. In most cases the form of lower 
crystal lattice energy is the more soluble of the two at room temperature; 
but its solubility increases with temperature less rapidly than that of its 
isomer. For instance, cT-alanine is more soluble than dZ-alanine at 0°, but 
distinctly less soluble at 100°. 

Density also is closely related to crystal lattice energy since high density 
reflects close packing of molecules in the crystal"'. Thus, for leucine and 
valine (Table 7) the racemic form is denser and shows a larger heat of 
solution than the optically active form. In the case of glutamic acid, the 
d-form is denser than the dZ~form and shows also higher heat of solution. 
For the amino acids thus far studied the greater crystal density is always 
shown by the form possessing the greater heat of solution. 

Among other types of isomers, a-aminoisobutyric acid is markedly 
denser and also less soluble in water than a-amino-n-butyric acid (Table 7). 
For such isomers as this, AHsubi. can hadly be considered identical for the 
two forms, but it is probably nearly the same, and the heat of solution of 
the iso-acid should herefore be larger than that of its n-isomer. 

Dalton and Schmidt^® conclude that all the racemic substances listed in 
Table 7 are racemic compounds, not mixtures of d- and Z-crystals, with the 
possible exception of glutamic acid which they consider doubtful. The 
marked difference in density between the d- and dZ-forms of glutamic acid 
suggests that it too exists as a racemic compound rather than as a mixture. 
Loring and du Vignaud^^, by studying solubility in the presence of excess 
d- or Z-cystine, have shown that dZ-cystine is a racemic compound, and the 
same method should be applicable to other amino acids. 

2’ Cohn, E. J., McMeekin, T. L., Edfiail, 3. T., and Weare, J. H., J. Am. Chem. Soc., 56,- 2270 (1934). 

» Dalton, J. B., and Schmidt, C. L. A., J. Biol. Chem., 103, 649 (1933); 109. 241 (1936). 

2® Loring, H. S,, and du Vigneaud, V., J, Biol. Chem,, 107, 267 n934). 



Chapter 9 

Interactions between Organic Solvents and Dipolar Ions 
Estimated from Solubility Ratios 

By Edwin J. Cohn and John T. Edsall 

Relative Solubility in Water and in Organic Solvents 

The determination of relative solubility in water and in other solvents 
provides data for determining the free energy of transfer of the solute from 
one medium to another. Consider first an ideal experiment in which water 
and the organic solvent under consideration are separated by a semiper- 
meable membrane, impermeable to both solvents but permeable to the 
solute, which is present at infinite dilution. At equilibrium, the activity 
of the solute, a, in both phases must be equal. Denoting its mole frac- 
tion in the aqueous phase by At, and in the organic solvent by Aa, and 
the corresponding activity coefficients by/w and /a respectively, we have: 

a « UNl - Ml (1) 

Since an infinitely dilute solution of the solute in water is taken as the 
standard state, /w = 1 by definition, and 

/a - At/Ai (2) 

Consider now a saturated solution of the solute in water (at mole frac- 
tion Aw), and in the organic solvent (at mole fraction Aa). If the same 
solid phase is in equilibrium with both saturated solutions, then the activity 
of the solute in both saturated solutions, a,, must be the same as its activity 
in the solid phase\ 

a^ sss A wjrw(sat.) “ A A/A(8ttt.) (3) 

Amino acids are relatively insoluble in all organic solvents — ^so insoluble 
that we may generally assume that the activity coefficient is independent 
of the mole fraction of amino acid in such solvents; that is, that /a in 
equation 2 equals /Acaato in equation 3. Thus the activity coefficient of an 
amino acid in any organic solvent is given by its solubility ratio in water 
and that solvent, multiplied by its activity coefficient in the saturated 
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The free energy of transfer of the amino acid from dilute aqueous solution 
(at mole fraction Nw) to the solvent A (at mole fraction NjJ is given by the 
relation: 

RT In a +RThx^ (6) 

iV yf 

The values of /wcsat.) in water are generally not widely different from 
unity. In the following discussion, therefore, we shall frequently speak 
of the solubility ratios as if they gave directly the activity coefficient of the 
amino acid in the organic solvent, although strictly this is true only as a 
first approximation. 

The magnitude of the error involved in this approximation may be seen 
by examining the values for /wcaat.) obtained by Smith and Smith^ from 
isopiestic vapor pressure measurements at 25®. Their measurements were 
carried in most cases to approximately saturated aqueous solutions, and 
they calculated the activity coefficient as 7 « a/m, where m is the molality, 
(moles per kilogram of solvent). This is not identical with the coefficient, 
/, which gives the ratio of activity to mole fraction. If we define both 
7 and / as equal to unity at infinite dilution, then at any finite molality 
the two are related by the equation 



where ilf, is the molecular weight of the solvent. For aqueous solutions 
this becomes 

/ = 7(1 + 0.01802m) (6a) 

We have calculated values of / and log / from the 7 values of Smith and 
Smith, in the most concentrated solution of each amino acid or peptide 
reported by them^ These are generally approximately saturated solutions, 
except for the data enclosed in brackets in Table 1 . For amino acids whose 
saturated solutions are less than 3 molal the value of log /(Bat.) never exceeds 
±0.1; even for glycine log /(aat.) == *-0.1122; and these values are very 
small compared to the logarithms of the solubility ratios of amino acids 
in water and in organic solvents. Molecules such as proline, sarcosine 
and betaine, and the extremely soluble amino acids of large dipole moment, 
like eaminocaproic acid, show much larger values of log /(sat.), and these 
values are invariably positive. The very high value for betaine is par- 
ticularly striking, especially when it is remembered that a saturated 
solution of betaine at 25® is approximately 14 molal, or nearly three times as 
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concentrated as the most concentrated solution investigated by Smith 
and Smith. It is obvious that uncorrected solubility ratios for betaine 
in water and organic solvents would be very far from giving correct activity 
coefficients. 

We may now turn to the solubility studies themselves. Carried out 
in different laboratories with different preparations and different techniques 

Table 1. Activity Coefficients of Amino Acids and Peptides in 
Appeoximately Saturated Aqueous Solutions at 25° 


Substance 


Glycine (1) 

c^^'Alanine (2) 

dl-a- Amino n butyric acid (2) 

d^-a-Amino-n-Valeric acid (2) 

a-Aminoisobutyric acid (2) 

d^Yaline (2) 

[/?- Alanine (3) 

di-/9~Aminobutyric acid (3) 

c^T-^-Amino Valeric acid (3) 

7-Aininobutyric acid (3) 

Amino Valeric acid (^) 

e-Aminocaproic acid (3) 

Diglycine (5) 

[Triglycine (5) 

Glycylalanine (5) 

Alanylglycine * * (5) 

Alanylalanine (5) 

dZ-Serine (4) 

dZ-Threonine (4) 

Z-Hydroxyproline r4'i 

dZ-Proline ’ (4) 

Sarcosine ^ . . ' ! . (4) 

[Betaine \ \ ^4^ 


Values of 7 the - - ■ « . - 

ences as foUowi-:; is J.Iti-, ■’ 

(1940): (5) 135,27a as*4u;. ’ " ■ ■ • . 

Values of f were calculated from 7 values by the equation : 

Most of the substances at the ' 77. + .pi802M) 

^-alanine, trig^^cine and betaine, 


m 

it 

^=1 

log/aaf. 

3.3 

.729 

.772 

-.1122 

1.9 

1.046 

1.082 

,+ .0341 

2.1 

1,195 

1.240 

+.0935 

0.65 

1,072 

1.085 

+.0352 

1.6 

1.177 

1.209 

+ .0824 

0.66 

1.101 

1.114 

+.0468 

7.0 

1.445 

1.627 

+ .2114] 

7.0 

1.790 

2.016 

+.3044 

6.6 

1.870 

2.089 

+.3200 

6.5 

1.575 

1.759 

+ .2453 

7.0 

2,014 

2.268 

+.3556 

6.5 

1.556 

1.738 

+ .2400 

1,7 

0.685 

0.706 

-.1612 

0.3 

0.804 

0.809 

-.0921] 

1.2 

0.845 

0.863 

-.0638 

1.0 

0;856 

0.871 

-.0602 

1.0 

1.036 

1.055 

+.0232 

0,5 

.907 

‘ .915 

-.0386 

2.0 

.943 

.977 

-.0101 

2.3 

1.034 

1,077 

+.0321 

7.3 

2,002 

2.266 

+ .3561 

7.0 

1.627 

1.832 

+.2629 

5,0 I 

3,933 

4.288 

+.6322] 


H S- Smith, refer- 

-‘1, 607 (1937); (3) ibid,, 132, 47 (1940); (4) 132, 67 


data for 
enclosed 


lable 2 .) 


soTnwii^v 7 :aminovaIeric acids, anrofX 

Une solubility of i-prohneis approximately 14.0 molal at 26“; see 

the results are on the whole extremely satisfactory, especially as a first 
approximation. In some cases equilibrium has been approached in dif- 

different laboratories may be compared 
in Table 2, in which the solubility m water and ethanol at 25° is reported 
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Amino acid 

Solubility 
in water rn/1 

Solubility in 
ethanol ra/1 

Solubility in 
water log iVo 

Solubility in 
ethanol log N a 

Glycine 

2.613 

(1) 






Glycine 

2.617 

(2) 






Glycine 

2.885 

(3) 






Glycine — . 

2.915* 

(4) 






Glycine 

2.886 

(5) 

0.00039 

(6) 

-1.247 


-4.638 

rf-o:- Alanine — 





-1.486 

(3) 


di-a- Alanine. . . 

1,557 

(2) 






Alanine. . . 

1.679 

(3) 






rf^-a-Alanine . . . 

1.666* 

(4) 






c?Z-a-Alanine. , . 

1.656 

(6) 



-1.491 



dZ-Q:-Alanine. . . 

1.660 

(5) 

0.00076 

(5) 

-1.491 


-4.347 

(iZ-a-Amino-?i- 








butyric acid. 

1.800 

(5) 

0.00260 

(5) 

-1.440 


-3.818 

dZ-o!- Amino- 








iso-butyric 








acid 

1.330 

(S) 



,-1.683 



cZ-Valine 

0.706 

(6) 



-1.870 



dZ-Valine 

0.572 

(3) 






cZZ-Valine 

0.599* 

(4) 






dZ- Valine 

0.571 

(6) 

0.00128 

(5) 

-1.967 


-4.126 

dZ-a-Amino-n- 








caproic acid. 

0.0877 

(7) 






dZ-a-Amino-n- 








caproic acid. 

0.0865* 

(3) 






dZ-oj-Amino-n- 








caproic acid. 

0.0890* 

(4) 






dZ-a-Amino-w- 








caproic acid. 

0.0866 

(5) 

0.00104 

(9) 

-2.801 


-4.215 

Z-Leucine 

0.169 

(2) 






Z-Leucine 

0.181« 

(3) 






Z“Leucine 

0.185 

(8) 






Z-Leucine 

0.185 ’ 

(5) 






Z-Leucine 

0.171 

(5) 

0.00128 

(5) 

-2.603 


-4.125 

dZ-Leucine 

0.0741 

(1) 





. 

dZ-Leucine 

0.0750 

(1) 






dZ-Leucine 

0.0748* 

(3) 






dZ-Leucine. .... 

0.0890* 

(4) 






dZ-Leucine 

0.0744 

(6) 



-2.870 



d-Isoleucine... . 





-2.249 (10) 


dZ-Isoleucine. . . 





-2.515 

(3) 


Z-Aspartic acid. 

0,0376 

(11) 

0,0000116 (11) 

-3.168 


-6.167 

dZ- Aspartic 








acid 





-2.978 

(3) 


Z- Asparagine. . 

0.186 

(11) 

■0.000023 

(11) 

-2.468 


-5.870 

d-Giutamic 








acid 

0.0686 

(11) 

0.0000185 (11) 

-2.975 


-5.967* 

dZ-Glutamic 








acid 





-2.599 

(3) 


dZ-Giutamine . . 

0.291 

(11) 

0.0000316 (11) 

-2.269 


-5.735 

Z-Phenylala- 








nine 






rim 



Solubility- 
ratio log 
Na/No 


- 3.391 


- 2.856 

- 2.378 


- 2.168 


- 1,414 


- 1.622 


- 2.999 
- 3,402 

- r 2.992 

- 3.466 

oTsd 
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Table 2— (Concluded) 


Amino acid 

Solubility in 
water m/l 

Solubility in 
ethanol m/1 

Solubility in 
water log Na 

Solubility in 
ethanol log Nh 

Solubility 
ratio log 

Njm 

d-Tyrosine 

(^-Tyrosine 

d^-Tyrosine — 
2-Diiodo tyro- 
sine 



-4.15 (12) 
-4.15 (12) 
-4.46 (12) 

-4.58 (12) 



d^-Diiodotyro- 
sine . . . ' 



-4.85 (12) 



WDibromoty- 
ro.si ne 



-3.84 (12) 



1- Dichloroty- 

rosine (an- 
hydrous) 

2- Tryptophane. 



-3.85 (12) 
-3.000 (10) 



2-Gystine 

d-Cystine. . , . . . 
d2-Cystine — 
Mesocystine. . . 
d2~Methionine . 



-5.106 (10, 13) 
-6.105 (13) 
-5.434 (13) 
-5.376 (13) 
-2.393 (10) 



2-Proline 



-0.693 (14) 



2-Hydroxypro- 
line 



-1.326 (14) 



d2-Serine 

dZ-Threonine*". . 

1.598 (15) 

0.0000639 (15) 
0.000453 (15) 

-2.065 (10) 
-1.507 

-5.427 (15) 
-4.577 

-43.362 

-3.070 

Sarcosine® 

Betaine 

4.81 (2) 


-0.69 (16) 

-1.44 (16) 

-0.75 

Taurine 



-1.832 (10) 








* An asterisk denotes that results of other laboratories have been recalculated on the basis of our densiti^. 
“ This density of Schmidt does not refer to his saturated solution, bu to a solution containing 23.97 g. of 
1-leucine. 

6 lyup -f ^’^'-eonine studied was supplied by Professor W. C. Rose. 

! . .■ Hr was 20*^0. 

:‘.V*. : Whrgler, Z. phyHoL Ckern,, 97. 128 (1916). 

. !*;• . ■, ■■. ! I Angern, O., ibid., 133, 180 (1924). 

^3; Daitou, J. H . v.*''' n T . A., J. Biol. Chem., 103, 549 (1933). 

(4) Dunn, M, < .i . !.■ ! id, L. S., ibid., 103, 679 (1933). 

(6) Cohn, E. J . I* ■ . ' ' . . ! , :saU, J. T., and Weare, J. H., J, Am. Chem. Soc,, 56, 2270 (1934) 

'6) Holleman, : ■ C., Rec. Irav. chim. des Pay s-Bas, li,27& (189i). 


Sano, K., Biochem. Z., 168, 14 (1926). 

(9) McMeekin, T. L., Cohn, E. J,, and Weare, J. H., /. Am. Chem. Soc., 68, 2173 (1938). 

(10) T> ...4 0^.1 .A y V^J-RtohCAm., 109, 241 (1935). , 

(11) V. . ■:,* ■ . i- : . ‘ Weare, J. H., J. Am. Chem. Soc., 57, 626 (1935). 

— V.. ■» ^ ■. ! A., (?en. PAystol., 18, 889 (1935). 




1 . 


" ■ - , ■ ■/ « J. /6WO»U|r«| OOU \JiUtJU 

Vigneaud, V., J. Biol. Chem., 107, 267 (1934). 
.-■Shmidt, C. L. A., J. Qen. Phyeiol., 19, 379 (1935). 
)ubii8hed data. 


tloj btoizenbcu'g, Jl., Z. physiol. Chem., 92, 445 (1914). 


and their derivatives have been made in formamide and methanol, acetone 
and butanol. These results are collected in Table 3. For the amino 
acids solubility is lower in formamide than in water, lower still in all the 
alcohols, and lowest in acetone. For the strongly polar hydantoic acids 
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Table 3. Solubility of Amino Acids and Related Substances in Various 

Solvents at 25° 



Water 

Form- 

amide 

Methanol 

Ethanol 

Butanol 

Acetone 

Solubility: moles per liter 

Glycine 

(1) 

2.886 

0.0838 

0.00426 

0.00039 

0.0000969 

0.0000305 

<g-Alanine (2, 3) 

1.656 



0.00076 



J-Alanine 

(1) 

6.123 



0.00189 



a-Aminocaproic acid. (1 ) 

0.0866 

0.0173 

0.00854 

0.00104 

0.000336 

0.0000793 

€-Aminocaproic acid. (I) 

3.848 

«i 


0.00194 



Diglycine 

(4) 

1.612 



0.0000222 



Triglycine 

(1) 

1 .0229 



0.00000106 



Glycolamide 

(5) 

6.609 



0.342 



Lactamide 

(5) 

8.779 



2.847 



a-Hydroxycapro- 








amide 

(6) 

0.0830 



0.306 



Glycolylglycine- 








amide 

(6) 

6.820 



0.0980 



Hydantoic acid 

(1) 

0.329 

0.837 

0.0797 

0.0242 

0.00643 

0.00248 

a-Alanine hydantoic 







acid 

(1) 

0.193 



0.0440 



fl-Alanine hydantoic 







acid 

(1) 

0.168 



0.0170 



a-Aminocaproic hy- 








dantoic acid 

(1) 

0.00690 

0.166 

0.1123 

0.0477 

0.01788 

0.00463 

(g-Aminocaproic hy- 








dantoic acid 

(1) 

0.00690 



0.00756 

0.00278 j 


Diglycine hydantoic 







acid 

(1) 

0.126 



0.00116 

1 


Triglycine hydantoic 







acid. 

(1) 

0.0446 



0.000077 



Hydantoin..,. 

(4) 

0.397 



0.0324 



Hydantoin of a-Ami 








no-n-butyric acid. (4) 

0.863 



.0.988 



Hydantoin of leucine 








(4) 

0.0124 



().100 



Aspartic acid hydan 








toin 

(4) 

0.0706 



0.0141 



Formylglycine 

.(1) 

1.849 


0.710 

0.296 



Formyl -<a-amino-b u 








tyrio acid 

.(1) 

0.266 


0.646 

0.366 



Formylleucine. ... . . 

(4) 

0.186 



1,792 




Heptanol 


0.0347 

0.0500 


Solubility: log JSf 


Glycine 

*-1.247 

-2.476 

-3.762 

--4,638 

-6.066 

-6.648 

a-Alanine. ............... 

-1.491 



-4.347 



/J-Alanine 

-0.816 



-3.966 



a-Aminooaproio acid 

-2.801 

-3.101 

-3.468 

-4.216 

-4.612 

-6.233 

e-Aminocaproio acid. .... 

-0.976 



-3,947 

’ 


Diglycine 

-1.622 i 



-6.8S9 



Triglycine 

-2.241 



-7.206 
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Table 3 — Concluded 



Water 

Form- 

amide 

Methanol 

Ethanol 

Butanol 

Acetone 

Heptano’ 

Solubility: log V 

Hydantoic acid.. 

-2.217 

-1.462 

-2.488 

-2.851 

-3.228 

-3.737 


ot-Alani ne hydantoic acid 

-2.451 



-2.590 




d-Alanine hydantoic acid 

-2.639 1 


1 

-3.002 




a-Aminocaproic hydan- 








toic acid 

-3.903 

-2.175 

-2.335 

-2.551 

-2.785 

-3.466 


€-Aminocaproic 

-3.903 



-3.^4 

-3.693 



Hydantoic acid 








Diglycine hydantoic acid 

-2.638 1 



-4.171 




Triglycine hi'dantoic 








acid 

-3.092 



-5.345 




Hydantoin 

-2.136 



-2.721 




Hydantoin, of a-amino- 








n-butyric acid 

-1.775 



-1.254 




Hydantoin of leucine — 

-3.650 



-2.229 




Aspartic acid hydantoin. 

-2,893 



-3.083 




Formylglycine 

-1.432 


-1.633 

-1.782 



-2.311 

Formyl-a-aminobutyric 








acid 

-2.325 


-1.639 

-1.674 

i 


-2.152 

Formylleucine 

-2.469 



1 -0.911 

1 

i 



(1) McMeekin, T. L., Cohn, E. J., and Weare, J. H., J. Am, Chem. Soc., 58, 2173 (1938). 

(2) A ‘ . C . ^-av. chim. Pays-Bas, 13, 277 (1894). 

(3) ■■ : ■ ,'!■. ■ nd Weare, J. H., J, Am. Chem. Soc., 56. 2270 (1934). 

U) !■ H.,/. Aw, CAem. -Soc., 56. 626 (1936). 

(6) „ . . " . i ■ ■■ . . 

alcohol, but a-aminocaproic hydantoic acid with its long side chain is more 
soluble in all the alcohols, as well as in formamide, than in water. Only 
in acetone, of all solvents studied, is the solubility of this substance lower 
than in water. 

Comparable relations recording the influence of the structure of the 
solvent and the solute may be noted not only in the solubility measure- 
ments reported in Table 3, but also those in Table 4, in w^hich are reported 
measurements upon the solubility in ethanol- water mixtures and in Table 6, 
which describes the influence of temperature upon solubility in ethanol- 
.water mixtures. The extensive available data reveal much simpler corre- 
lations between structure and relative solubility in water and organic 
solvents than can be found when solubility in one solvent alone is con- 
sidered. This is to be expected. Solubility in any one solvent is pro- 
foundly affected by the crystal lattice energy of the solute. Relatively 
slight changes in the chemical groupings within a molecule often cause 
great alterations in the crystal lattice structure, and hence in solubility, 

oro a’hcjpnf. wVipn nnlv sohihilitv ratios are con- 
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in the two solvents is the same, practically within the limits of experimental 
error (Table 4). 

Such solubility ratios should also be ultimately of biological significance. 
The organization of the living cell certainly involves aqueous phases of high 
dielectric constant and fatty phases of low dielectric constant. The distri- 


Table 5. Solubility op Cektain Amino Acids in Ethanol-Watbe Mixtures at 
Different Temperatures 


Glycine 

(il-Serine 

d/-VaIine 

J/-Leucine 

rf/^Nor leucine 

Temp. 

(“C.) 

logW 

Temp. 

(X.) 

logV 

Temp, 

CC.) 

logW 

Temp. 

rc.) 

logJ\r 

Temp. 

cc.) 

log W 

Solubility in 20.32 Weight per cent Ethanol 

0.02 

-1.9747 

0.00 

-2.987 

0.02 

-2.4366 

0.00 

-3.4067 

0.00 

-3.3875 

24.97 

-1.6345 

25.14 

-2.6243 

24.85 

-2.2403'' 

24.97 

-3.1124 

26.69 

-3.0101 

44.98 

-1,4034 

45.16 

-2.2164 

44.91 

-2.0535'^ 

45.24 

-2.8761 

44.97 

-2,7670 

65.11 

-1.2020 

65.26 

-1.9393 

65.07 

-1.8928^ 

66.16 

-2.6478 

65.17 

-2.6017 

Solubility in 42.52 Weight per cent Ethanol 

0,02 

-2.4789 

0.00 

-3.4750 

0.02 

-2.7986 

0.00 

,-3.6616 

0.00 

-3.6664 

24,97 

-2.1007 

26,14 

-2.9747 

24.86 

-2.4989“ 

24.97 

-3.2306 

26.69 

-3.0768 

44.98 

-1.8327 

45.04 

-2.6440 

44.92 

-2.2487^ 

45.24 

-2.9318 

44.96 

-2.7721 

65.10 

-1.697 

65.25 

-2.3665 

64.94 1 

-2.0363 

66.20 

-2.6696 

65.17 

-2.4895 

Solubility in 66,94 Weight per cent Ethanol 

0.02 

-3.0915“ 

0,00 

-4.0645“ 

0.02 

-3.1680 

I 

0,00 

-3.7932“ 

1 0.00 

-3.6364“ 

24,97 

-2.7423 

25.10 

-3.6144“ 

24.93 

-2.8327<^ 

24.97 

-3.3936 

24.97 

-3.2125 

44.97 

-2.6143 

45.04 

• -3.2716 

44.92 


! 45.18 

-3,1249“ 

44.96 

-2.9245 

65.07 

-2.3046 

65,24 

-3.0357“ 

64.94 

-2.3799 

65.16 

-2.8697 

65.17 

-2.8615 

Solubility in 92,61 Weight per cent Ethanol 

0.01 

-4.3468^ 

0.00 

-6.6229 

0,01 

-4.0114 

0.00 

-4.4377 

0.00 

-4.2197 

25.09 

-4.0246 

25.09 

-4.9586 

25.04 

-3.6990 

26.09 

-4.0926 

25.09 

-3.8827 

45.19 

-3.7932 

45.18 

-4,6383 

45.21 

-3.4622 

46.18 

-3,8297 

.45.18 

.-3.6234 

65.00 

-3.6719 

65.01 

-4.2262 

65.16 

-3.2328* 

65.07 

-3.6768* 

66.01 

-3.3757 


^Wefglft'per clnt ShS 
* Weight per cent ethanol * 92.64. 

J Weight per cent ethanol » 20,62. 

® Weight per cent ethanol = 20.00. 
f Weight per cent ethanol « 43.36. 

< Weight per cent ethanol « 42.86. 

^ Weight per cent ethanol » 67,11. 

bution coefficients of many types of molecules between diJfferent solvents 
of these two types must play an important part in the chemical dynamics 
of the cell; and comparison of the relative solubilities of two different 
molecules in such solvpts as water and alcohol will indicate, at least 
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Effect of the CH 2 Groups of Solutes on Solubility Ratios and on Surface 

Tensions 

The solubility in water of the monoamino-monocarboxylic acids, from 
glycine' to leucine and norleucine, decreases with increasing number of CH 2 
groups in the hydrocarbon chain. The aminobutyric acids are exceptions 
to this rule, being more soluble than alanine. Probably this abnormality 
is due to their crystal structure and low crystal lattice energy^. 

If solubility ratios in water and organic solvents are considered, however, 
the effect of the CH 2 group is perfectly regular^ The influence of each 
CH 2 group in the transfer from water to ethanol appears to be the same for 
the a:-amino acids or for their derivatives. This may be demonstrated on 
the basis of such data as those in Table 6 by subtracting log Na/Nq (where 
Na is the solubility in mole fraction in ethanol) for glycine from that for 
alanine and for a-aminobutyric acid. The differences per CH 2 group are 
nearly the same, not only for these substances, but for other amino acids 
of the same family that have been adequately studied, as well as for deriva- 
tives of the amino acids and for their isomers, such as the a-hydroxy- 
amides, glycolamide and lactamide. The increment in log Na/N^ per 
CH 2 group, is always positive, and is approximately- equal to 0.49. In 
other words, each CH 2 group in side chains terminating in a methyl group 
may he thought of as increasing solubility in ethanol relative to that in water 
three-fold, 

A general statement of the rule, applicable to several organic solvents, 
is given in the equation 

\ogNA/N,^Kino^,-¥K2 (7) 

where n is uie number of CH 2 groups in side chains ending in methyl 
groups, and K 2 a constant depending on the nature 6f the polar group. 
K 2 may generally be taken as the value of log Na/Nq of the first member 
of the series®; that is, as -3.39 for a-amino acids; -0.80 for a-hydroxy- 
amides; -0.63 for hydantoic acids; and -0.33 for formyl amino acids 
without paraffin side chains. 

It is not generally possible to make computations for the influence of 
CH 2 groups between polar groups. Thus log Na/N^^ is nearly the same 
for asparagine (-3.402) and glutamine (-3.466). Likewise' for aspartic 
and glutamic acids the values of log Na/Nq are virtually identical, being 
-2.999 and -2.992 respectively (Table 2), despite the additional CH 2 
group of the latter substance. These two pairs of compounds differ only 
by a CH 2 group which is ^^shielded^' by a COOH or CONH 2 group at the 
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Table 6. Influence op Stbuctueb on Solubility Ratio in Watee and I 

Ethanol at 26° 1 


Substances i and k 

(log NA/No)i 

(log iVA/iVo)k 

AlogiV^A/TV'o 

A n 

Influence of CH 2 group 

Glycine - alanine 

Glycine - a-aminobutyric acid 

Glycine - a-aminocaproic acid 

Valine -> leucine 

Hydantoic - a-alanine hydantoic acid 

Hydantoic - a-aminocaproic hydantoic acid. 

Glycolamide ~ lactamide 

Glycolamide - oj-hydroxycaproamide 

Formylglycine - formylaminobutyric acid. . . 
Eormylglycine - f ormylleucine 

-3.391 

-3.391 

-3.391 

-2.158 

-0.630 

-0.630 

-0.799 

-0.799 

-0.330 

-0.330 

-2.856 

-2.375 

-1.414 

-1.622 

-0.137 

+1.352 

-0.254 

+1.084 

+0.651 

+1.556 

+0.54 

+0.50 

+0.49 

+0.54 

+0.49 

+0.49 

+0.54 

+0,47 

+0.49 

+0,47 

Influence of CH 2 CONH group 

Glycine - diglycine 

Glycine - triglycine 

Hydantoic acid - diglycine hydantoic acid , . 
Hydantoic acid - triglycine hydantoic acid. . 
Glycolamide - gly colylglycine amide 

-3.391 

-3.391 

-0.630 

-0.630 

-0.799 

-4.367 

-4.965 

-1.533 

-2,253 

-1.517 

-0.98 

-0.79 

-0.90 

-0.81 

-0.72 

Influence of OH group 

Acetamide ~ ^ycolamide. . . : 

Propionaraide - lactamide 

"Caproamide - a-hydroxycaproamide 

Alanine - serine 

a-Aminobutyric acid - threonine 

-0.120 

+0.016 

+1.726 

-2.856 

-2.375 

-0.799 

-0.254 

+1.084 

-3.362 

-3.070 

-0.68 

-0.27 

-0.64 

-0,51 

-0.69 

- Influence of methionyl sulfur 

Qi-Aminovaleric acid - methionine 

1.90* 

-2.444 

-0.54 

Influence of benzene ring 

Alanine - phenylalanine 

-2.856 

-1.453 

+1.40 

Influence of dipolar ionization 

Glycine - glycolamide 

Alanine - lactamide 

Norleucine-a ~ hydroxy caproamide 

Diglycine - glycolylglycine amide 

Glycine - hydantoic acid 

Alanine - alanine hydantoic acid 

Alanine ~ jS-alanine hydantoic acid 

a-Aminocaproic acid - a-aminocaproic hy- 
dantoic acid 

Diglycine - di glycine hydantoic acid 

Triglycine - triglycine hydantoic acid 

-3.391 

-2.856 

-1.414 

-4.367 

-3.391 

-2.856 

-3.139 

-1.414 

-4.367 

-4.965 

-0,799 

-0.254 

+1.084 

-1.517 

-0.630 

-0.137 

-0.463 

+1.362 

-1.533 

-2.263 

-2.59 

-2.60 

-2,50 

-2.85 

-2,76 

-2.72 

-2.68 

-2^77 

-2:83 

-2-71 
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end of the chain, whereby its power of influencing the solubility ratio is 
apparently annulled^’ ^ In other cases as in e-aminocaproic acid, CH 2 
groups between polar groups appear to exert some effect in enhancing the 
solubility latio, but not the full effect exerted by a side chain of the same 
length^. 

The solubility of many of these compounds in a series of organic solvents 
may also be described by equation L Amino acids and hydantoic acids 
have been studied in formamide and methanol, in butanol and acetone, as 
well as in ethanol and water. With increase in the number of CHs groups 
in the alcohol Ki, [A(log N JNQ)J^{nQ^^], becomes more positive, K 2 more 
negative (Table 7). Ki is numerically largest for heptanol, and K 2 for 
acetone, among the solvents investigated. These results yield the sdu- 
bility ratios in a series of organic solvents, in all of which amino acids are 
relatively insoluble. Solubility in any one of these solvents rather than in 
water might readily have been adopted as the standard state. 

The logarithm of the solubility ratio for several homologous series and 
several solvents is plotted as a function of the number of CH 2 groups 
in Fig. 1. 

Similar results have been obtained by a study of the distribution coeffi- 
cients of amino acids between water and butanol^ 

I This effect of hydrocarbon residues on the solubility ratio reflects the 
same forces that give rise to the orientation of molecules in surface films^^ 
Long-chain fatty acids or alcohols are oriented at an interface so that the 
polar — OH or — COOH group dips into the water, while the non-polar 
hydrocarbon chain is repelled from it. The accumulation of non-polar 
groupings at the interface lowers the surface tension of the water. “A 
comparison of various insoluble substances has proved that the spreading 
tendency depends upon the presence of certain active groups or radicals in 
the organic molecule, these being the groups which tend to increase the 
solubility of organic substances in water. For example, pentane, C 6 H 12 , 
is practically insoluble in water, but amyl alcohol, CaHnOH, is relatively’ 
soluble. Thus the hydroxyl groups in organic molecules exert strong 
attractive forces on the hydroxyl groups in the water molecules and these 
manifest themselves by an increase in solubility. Similarly the carboxyl 
group, COOH, fends to make the lower fatty acids much more soluble in 
water than the corresponding hydrocarbons’^ (reference 10, p. 161). 

In 1891 Traube^^ stated the rule that with molecules of aliphatic com- 

I McMeekin, T. L., Cohn, E. J., and Wears, J. H„ /. Am. ‘ 

® Cohn, E. Jm Chem. Rev., 19. 241 (1936). See also McMee . : . ^ .nd Blanchard, M. H., 

J. Am, Chem. Soc., 59, 2717 (1937); and Compt. rend. trav. lau. 22, A-i.i \.xoooi, for a more complete 

discussion. 


A 
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Table 7. Inpltjence of Structxtke on the Solubility Ratio in Water and 
Various Solvents at 25® 


Substances i and k 

Solubility Ratios 

A log Na/No 

A n 

(log Nk/N^)i 

(iogJ7A/yo)k 

Influence of CH 2 group in formamide 

Glycine - a-aminocaproic acid 

-1.229 

j-n 7Fifi 

-0.360 

70.fi 

0.217 

0.243 

Hydantoic acid - a-arninocaproic hydantoic- 
acid 


1 * 1 ^ ^ 

Influence of CHj group in methanol 

Glycine ~ a-aminocaproic acid 

-2.515 

-0.271 

-0.101 

-0.657 

+1.568 

+0.786 

0.466 

0.460 

0.444 

Hydantoic acid ~ a-aminocaproic hydantoic 
acid 

Formyl glycine - formyl a-aminobutyric acid 

Influence of CH 2 group in ethanol 

Glycine ~ a-alanine 

-3.391 

-3.391 

-3.391 

-0.630 

' -0,630 

-3,391 
-3.391 

-2,856 

-2.375 

-1.414 

-0.139 

+1.352 

-2.158 

-1.622 

0.535 

0.608 

0.494 

0.491 

0.496 
0.411 
0.422 ^ 

Glycine - a-aminobutyric acid 

Glycine a-amino-n-caproic acid 

Hydantoic acid - a-alanine hydantoic acid. . 
Hydantoic acid - a-aminocaproic hydantoic 
acid 

Glycine ~ Valine ; , . 

Glycine Leucine ; 


Influence of CH 2 group in acetone 

Glycine ~ a-aminocaproic acid 

-4.401 

-1.520 

-2.432 

+0.437 

0.492 

0.489 

Hydantoic acid - a-aminocaproic hydantoic 
acid 


Influence of CHa group in butanol 

Glycine - a-aminocaproic acid 

-3.808 

-1.011 

-1.711 

+1.118 

0.624 

0.532 

Hydantoic acid - a-aminocaproic hydantoic 
acid. 


Influence of CH 2 group in heptanol 

Formylglycine - formyl a-aminobutyric acid 

-0.880 

+0.173 

0.537 

Influence of dipolar ionization in formamide 

Glycine - hydantoic acid 

-1.229 

-0.360 

+0.755 

+1.728 

-1.98 

-2.09 

a-Aminocaproic acid - a-aminocaproic hy- 
dantoic acid , 



Influence of dipolar ionization in methanol 


Glycine - hydantoic acid. , . 

-2 .51*1 

n o^i 

-2.24 

/v-Aminocanroic acid - a-aminocaoroic hiv- 

0X0 

— U.xi/1 
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TABLE 7 — Concluded 


Substances i and k 

Solubilit 

(logVA/Vo)i 

;y Ratios 

[(log NA/m)h 

A log Na/No 

A n 

Influence of dipolar ionization in ethanol 

Glycine hydantoic acid 

a- Alanine - a-alanine hydantoic acid 

a-Aminocaproic acid - a-aminocaproic hy- 

-3.391 

-2.866 

-1.414 

-0.630 

-0.139 

+1.352 

-2.76 

-2.72 

-2.77 


Influence of dipolar ionization in acetone 

Glycine - hydantoic acid — 

a-Aminocaproic acid - a-aminocaproic hy- 
dantf'lc acid 

-4.401 

-2.432 

-1.520 

+0.437 

-2.88 

-2.87 


Influence of dipolar ionization in butanol 

Glycine - hydantoic acid 

a-Aminocaproic acid a-aminocaproic hy- 
dantoic acid 

-3.808 

-1.711 

-1.011 

+1.118 

-2.80 

-2.83 





Figure 1 Figure la 

Figure 1. Solubility ratios of amino acids in various solvents. ^ 

Figure la. S<>lul)iruy ratios of amino acids and derivatives in alcohol and water. 

pounds having different lengths of hydrocarbon chains, the decrease in the 
surface tension of the pure liquid, divided by the partial osmotic pressure 
of the dissolved substance in the underlvinc solution, for dilute solutions 
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Lepie and Wyman^^ (see Chapter 7) have shown a similar effect of the CH 2 
group on the surface tension of amino acid solutions. The effect of the 
CH 2 group on vapor pressures and distribution coefficients in the various 
homologous series shown in Table 7 obviously reflects the same influence. 


Effect of the CHg Groups of Solvents on Solubility Ratios and Activity 

Coefficients 

The results in Table 7 may be further analyzed by dividing the factor 
Ki in equation 7 by the concentration of solvent molecules per liter, C. 
Values of Ki/C for various organic solvents are given in Table 8 . The 
increments for each additional CH 2 group become 0.009 for the transfer 
to formamide; 0.029 to ethanol; 0.036 to acetone and increases to 0,076 
to heptanoL 

In this series of solvents formamide has the smallest effect upon interac- 
tions with both amino acids and hydantoic acids. Formamide has no 


Table 8, Influence of CHa Groups of Solvent upon CH 2 Groups of Solute Amino 
Acids or Amino Acid Derivatives 


Solvent 

CHs Groups 
in side chain 
of solvent 
n 1 

Kx of 
solute 

KilC 

AiKx/O* 

A n 

Tormamide 

0 

^ 0.23 

0.0092 


Methanol 

1 ^ 

0.46 

0.0187 

0.0095 

Ethanol 

2 

0.49 

0.0287 

0.0098 

Butanol ' 

4 

0.53 

0.0487 

0.0099 

Heptanol 

■7 

0.53, 

0.0754 

0.0095 


* Where m is the number of CHs groups per solvent molecule and C is the concen- 
tration of solvent molecules per liter of solution. 


terminal CH 3 group. If we consider it as the first member of the series 
and divide the increase in the value of KifC by the number of CHj groups 
in the solvent we find a constant increment of slightly less than 0.01 per 
CHa group of the solute for each CHa group of the solvent. This relation 
does not depend upon formamide being considered the first member of the 
series. Essentially the same result is obtained if the difference in the 
effect of methanol and ethanol or ethanol and butanol be considered. 

These results are computed in this way so that they may the more readily 
he compared with the change with concentration of activity coefficients 
derived frorn freezing point, vapor pressure and solubility measurements, 
reported in Chapter 10 . The solubilities of the amino acids in the organic 
solvents are not large, and since we are dealing in every case with a change 

in cnlnhibfi. rp.f.in bJo-b ,nb.Wl,-t,V, In fnnf.«+.5v.h. +«V«n +L 
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ments reported in Chapter 10, however, the values of C for the organic 
solvents are here very large. These solubility measurements could be 
expected to reflect interactions with organic solvents strictly comparable 
to those reported in Chapter 10 for dipolar ions only for solubilities that 
are extremely small and for low values of C. 

The Effect of Various Other Groups on Solubility Ratios and Activity 

Coefficients 

The benzene ring, like an aliphatic hydrocarbon radical, may be expected 
to increase solubility in alcohol relative to that in water. This expectation 
is confirmed by a comparison of alanine and phenylalanine (Table 6), the 
relative solubility of the latter in ethanol as compared to water being about 
22 times as great as for alanine. On this basis, the benzene ring has 
approximately the same effect as three CH 2 groups; but further measure- 
nxents are needed to determine how generally this relationship holds. 

The polar hydroxyl group has the opposite effect. Comparison of 
alanine and serine, and of a-amino-?^-butyric acid with threonine (Table 6) 
shows that substitution of a hydroxyl group for a hydrogen reduces Nj,/No 
between three and fivefold. Comparison of acetamide' and glycolamide, 
of caproamide and a-hydroxycaproamide yield results comparable to those 
deduced from amino acids. The comparisons of hydroxy proline and 
proline and of tyrosine and phenylalanine are omitted, since they include 
the effect on non-polar carbon rings of their position between polar groups. 

The sulfur of methionine is between non-polar groups, and comparison 
of this molecule with one of the same composition save for the sulfur sug- 
gests that the latter diminishes the influence of the paraffin side chain by 
an amount approximately equal to one CH 2 group. 

The effect of the CONH group on log Na./No depends on its position 
in the molecule. When situated between polar groups, it very markedly 
diminishes this ratio, as a comparison of the glycine peptides and of their 
hydantoic acids definitely indicates. The substitution of a CONH 2 
group for a hydrogen atom at the end of a chain, however, appears to pro- 
duce only a very slight effect on the solubility ratios in compounds possess- 
ing other polar or charged groups. The comparison of hydantoic acid 
(HOOC-CH 2 -NH-CONH 2 ) and glycolamide (HO • CH 2 • CONH 2 ) whose 
net structural difference amounts to one CONH group, indicates a 
change in log Wa/Wo of only +0.169 due to" this difference; and study of 
other related compounds containing a terminal CONH 2 group indicates 
that its effect on the solubility ratio is generally as small or smaller 
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pattern in the peptide. The influence of this configuration is opposite in 
sign to that of the CH 2 group — see Table 6 — ^and is slightly greater than 
the effect of an hydroxyl group. These estimates of the influence of the 
various groups of amino acids, peptides and proteins upon A log Nj^/Nq 
may be divided (as are the comparable estimates in Table 8) by the moles 
of solvent per liter, C. The ratio Ki/C is given in Table 9, which sum- 
marizes these effects. 

The same measurements are employed in the last column of the table in 
calculating the work involved in the transfer of a group of each kind to 
each solvent investigated. These results suggest that the free energy in- 
crement for the CH 2 group in aqueous solutions referred to alcohols, ranges 

Table 9. Influence of the Structure of the Solvent upon the Solubility Batio in 
Water and Organic Solvents at 25° 


Group of solute 

Organic 

solvent 

Dielectric 

constant 

Kioi 

solute 

Ki/C 

AP 

calculated* - 

CHa 

Formamide 

Methanol 

Ethanol 

Butanol 

Heptanol 

Acetone 

84 

32.71 

24.28 

17.51 

9.33 

20.83 

0.23 

0.46 

0.49 

0.53 

0,53 

0.49 

0.0092 

0.0187 

0.0287 

0.0487 

0.0754 

0.1013 

314 

600 

668 

723 

723 

668 

Benzene ring 

Ethanol 

24.28 

1.40 

0.082 

* 1908 

Methionyl sulfur 

Ethanol j 

24.28 

-0.54 

-0.032 

-736 

OH 

Ethanol 

24.28 

-0.66 

-0.039 

-900 

CH 2 CONH 

Ethanol 

24.28 

-0.84 

-0.047 

-1145 

Dipolar ionization 

. j. 

Formamide 

Methanol 

Ethanol 

Butanol 

Acetone 

84 

32.71 

24.28 

17.51 

20.83 

-2.03 

-2.24 

-2.73 

-2.82 

-2.87 

-0.0808 

-0.0912 

-0.161 

-0.259 

-0.593 

-2768 

-3054 

-3722 

-3845 

-3913 


— ' 1^ j I — 

241 aosef Tab/e 3^. change m solvent. See also Cohn, Chem. Rev. 19, 


from 600 to 723 calories. Butler" estimates the free energy in aqueous 
solution referred to the gaseous state as 200 calories pef CH. grZ 
Birtler further estimates a change in free energy of about 6000 calories « 
NH^s substituted, and 7400 calories if COOH ifsubstitutL fe 


^fidents lo^^ation on SolubiUty Ratios and Activity Coef- 

Dipolar ions are far more soluble in water. relntivA 
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by a comparison of simple amino acids with the isomeric hydroxyamides, 
with which ‘they have already been compared in evaluating the electro- 
striction effect (Chapter 7). The amino acids are approximately 400 times 
as soluble in water, relative to ethanol, as the hydroxyamides. The values 
of A log Na/No from the comparison of glycine-glycolamide and alanine- 
lactamide are respectively -2.59 and -2.60. 

A similar comparison may be made between amino acids and peptides, 
on the one hand, and the corresponding hydantoic acids on the other ^ 
The comparison for the three hydantoic acids and the a-amino acids from 
which they are derived yields -2,76, -2.72 and -2.77, or as an average, 
-2.75. Each dipolar ion differs by a terminal CONH group from its 
hydantoic acid, but it has already been pointed out that the effect of this 
group on the solubility ratio is apparently small (4-0.17 or less in its effect 
on log Na/Nq), and furthermore it is presumably essentially the same 
throughout the whole series. 

The influence of dipolar ionization is on the whole remarkably constant 
in each solvent. The extensive data for ethanol show at most a small 
influence of the dipole moment of the dipolar ion, even for substances 
differing as widely in moment as glycine and triglycine. The comparison 
of diglycine and its isomer glycolylglycineamide, given in the last column 
of Table 6, in the same terms employed above, yields -2.85, and that of 
diglycine and of triglycine and their hydantoic acids -2.83 and -2.71, 
respectively. This virtual independence of the dipole moment of the 
dipolar ions could not occur if the observed differences were determined 
entirely by electrostatic forces; for in this case the effect of dipolar ioniza- 
tion should be greatest for the substances of greatest dipole moment. 

Thus, in the extension of Debye's treatment of ions to the case of dipolar 
ions if the transfer is from water to another medium of dielectric constant, 
D, an equation for the free energy of the transfer would have the form: 

For the case of ions, treated by Debye and McAulay^^ K 2 equals 
(N t z^f2b), where z is the valence of the ion and b its radius. In their 
first tentative treatment of a dipola!r ion as a molecule made up of two 
spheres of radius 5, whose centers are separated by a distance, i2, Scatchard 
and Kirkwood^® deduced that K 2 would be equal to N eV(l/5 - 1/R). 
In Kirkwood's treatment^® of a dipolar ion as a sphere of radius 5, R again 
being the distance between the charges, the value of K 2 becomes 

„ . f p ^ /A2 /i>\ 2 1 /r>\n'\n 
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where I is the perpendicular distance from the center of the sphere to the 
line connecting the two charges; that is, the distance from the center of 
the sphere to the center of the dipole. 

In both of these models the change in free energy with change in solvent 
thus increases markedly with change in R, whereas in the experiments re- 
ported in Tables 6 and 7 no such relation to dipole moment is apparent. 

On the assumption that the change in free energy due to electrostatic 
forces could be estimated from the observed solubility ratios for dipolar 
ions only after correction for the specific effects of the groups considered in 
Tables 6 and 7, an equation might be developed incorporating the rule 
formulated by equation 7: 

^ = -2.303fc!r (log N/N, - ifincs,) = Ml/D - 1/A) (9) 

K 2 , however, shows no increase with increase in the dipole moment of the 
dipolar ion. The electrostatic treatment must therefore be considered far 
less satisfactory for the interaction of organic solvents with dipolar ions 
than with ions. This conclusion is confirmed by a consideration of the 
results in Table 9. Thus formamide, which has a dielectric constant 
greater than that of water (>84), should, on purely electrostatic grounds, 
give a higher value of log N/N^ for dipolar ions than for uncharged com- 
pounds. The opposite is in fact the case; the effect of dipolar ionization 
is the same in direction, although smaller in magnitude, than in the solvents 
of very low dielectrit) constant. Evidently the differences between the two 
classes of compounds are determined in large measure by other forces. 
Specific interactions between the different chemical groups in both solvents 
and solutes must clearly be taken into account in addition to the electro- 
static forces. 

Solubility in Ethanol-Water Mixtures 

The solubility of a group of charged and uncharged organic molecules 
in alcohol-water mixtures is shown graphically in Figs. 2 and 3. At one 
extreme in Fig, 2 is acetnaphthalide, with a polar residue attached to the 
very large non-polar naphthalene ring; at the other is triglycine, with a 
very high dipole moment and two peptide linkages; and the intervening 
series of molecules forms a progressive series between the two extremes. 
All the molecules shown are fairly polar; a truly non-polar molecule like 
hexane, would doubtless show a curve rising far more steeply even than 
that of acetnaphthalide. 

It is extremely difficult to give a’ theoretical ^treatment of the solubility 
of amino acids and other organic compounds in mixed solvents. The 
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water molecules tend to cluster closely around the charged groups, dis- 
placing the molecules of an organic solvent such as ethanol, which contains 
a large fraction of non-polar groups in the molecule. Thus the composition 



Figure 2. Solubility of amhio acids, peptides and related substances in ethanol- 
water mixtures at 25° 


of the solvent varies greatly from point to point in the region surrounding 
the solute molecules. The free energies and other thermodynamic func- 
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tensive tabulations of the solubihties of amino acids in alcohol-water nux- 
tures given in Tables 4 and 5 supply data of practical utility for chemists 
concerned with the crystaUization of amino acids in such media. , In the 
future they should be amenable to theoretical treatment and we may look 

forward to such, a theoretical analysis. , • xi, i 

Notable is a group of compounds which are more soluble in etnanoi- 
water mixtures than in pure water or ethanol; such substances as the 
dihalogenated tyrosines^^ methylhydantoic acid, eaminocaproic hydantoic 


The relationship between the loga- 
rithm of the solubility ratio and the 
mole fraction of ethanol in the 
alcohol-water mixture for ^-tyrosine 
(Curve I), Z-dibromotyrosine (Curve 
II), Z-dichlorotyrosine (Curve III), 
and ^-diiodotyrosine (Curve IV). 
Maximum error in data: 2-tyrosine 
and Z-diiodotyrosine ± 5 per cent; 
Z-dibromo- and ^ ± 

1.6 per cent. i*. S., 

and Schmidt, C. L. A., J. Gen, 
Physiol, 19,773 (1936), 



acid, and formylglycine. All these molecules contain uncharged polar 
groups; the dihalogenated tyrosines, which are dipolar ions, contain also 
the benzene ring with its phenolic groups and two halogen atoms. 
Apparently molecules of this sort exert attractive forces on both water and 
alcohol molecules which are more fully satisfied in a mixture of these two 
solvents than in either one alone. The same type of behavior, in a more 
extreme form, is found among a class of proteins, the prolamines. 

Winnek, V, S., and Schmidt, G. L. A., J, Gen, Physiol,, 19, 773 (1936), 



Chapter 10 

Interactions between Amino Acids^ Peptides and 
Related Substances 

By Edwin J. Cohn 

An adequate theory of solutions for biological systems must depend upon 
the development of laws defining the mutual interactions of ions and such 
dipolar ions as peptides, phospholipids, and proteins. Unquestionably 
the most important dipolar ions, as their name implies, are the proteins. 
In order to increase our knowledge of this class of molecules, we have found 
it desirable, however, first to consider comparable investigations upon 
smaller molecules of known structure which contain the same reactive 
groups. 

The laws of ideal solution generally hold only for very dilute solutions 
and deviations from these laws are conveniently expressed in terms of 
activity coefficients. The activity of a solute may be measured directly, 
as for instance by EMF measurements on solutions of electrolytes, em- 
ploying electrodes reversible to the ions concerned; or it may be deter- 
mined indirectly, by measurement of the activity of the solvent, since the 
activities of solvent and solute are thermodynamically related. Deter- 
minations of activity from freezing point lowering, boiling point elevation 
and osmotic pressure fall in tlie latter category. So do direct determina- 
tions of the vapor pressure of the solvent, as a function of solute 
concentration. Although osmotic pressure determinations have proved 
^ of particular value in the study of proteins, freezing point and vapor 
pressure measurements yield more accurate results in systems composed 
of smaller molecules, such as the amino acids or peptides. Solubility 
measurements have proved valuable for both large and small molecules. 

Activity Coefficients of a-Amino Acids as a Function of Condentration 

Studies have now been carried out upon the activity coefficients of amino 
acids as a function of concentration. The influence of glycine in lowering 
the freezing point of aqueous solutions has been accurately investigated 
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where m is concentration in moles per 1000 grams of water. The tempera- 
ture coeiEcient of log 7 may be calculated from measurements of heat 
capacities and heats of dilution^ From the data of Zittle and Schmidt^, 
Scatchard calculates for glycine at 25° 

- log 7 = 0.08366m - 0.01507m^ (2) 

The activity coefficients of glycine have also been determined by vapor 
pressure measurements by Smith and Smith^ and by M. M. Richards®, 


Table 1. Activity Coefficients of Glycine in Aqueous Solution at 25°C. 


Glycine concentration 

Dielectric 

constant 

D 

-Log T 
(Smith and 
Smith, 5 by 
vapor 
pressure) 

-Log 7 
(Richards,® 
by vapor 
pressure) 

-Log 7 
(Scatchard and 
Prentiss!* by 
freezing point) 

—Log 7 

(calculatedf) 

m 

C 

moles Per 
1000 grams 

moles per liter 






0.1 

0.099 

80.8 

0.0088 


0.0082 

0.0089 

0.2 

0.198 

83.0 

0.0168 

0.0177 

0.0161 

0.0173 

0.3 

0.296 

86.2 

0.0241 


0.0237 

0.0252 

0.4 

0.393 

87.4 

0.0315 

0.0330 

0.0310 

0.0326 

0.5 

0.489 

89.6 

0.0386 


0.0381 

0.0395 

0.6 

0.585 

91.7 


0.0463 


0.0460 

0.7 

0.679 

93.8 

0,0516 


0.0512 

0.0521 

0,8 

0.773 

96.0 


0.0581 


0.0678 

1.0 

0.958 

100.1 

0.0685 

0.0686t 

0,0686 

0.0684 

1.2 

1.140 

104.2 

0.0768 

0.0780 

0.0787 

0.0780 

1.4 

! 1.318 

108.3 


0.0865 


0.0863 

1.5 

1.406 

110.3 

0.0883 


0.0916 

0.0903 

1.6 

1 1.494 

112.2 


0.0941 


0.0939 

1.7 

1.680 

114.2 

0.0964 


0.0987 

0.0976 

1.8 

1.666 

116.1 


0.1009 


0.101 

2.0 

1.836 

120.0 

0.105 

0.107 

0.107 

0.107 

2.2 

2.002 

123.7 


0.113 


0.113 

2.4 

2.166 

127.5 


0.119 


0.118 

2-5 

2.247 

129.3 

0.119 



0.121 

2.6 

2.327 

131.1 


0.124 


0,123 

2.8 

2.485 

134.7 


0.128 


0.128 

3.0 

2.640 

138.3 

0.130 

0.133 , 


0.132 

3.2 

2.793 

141.8 


0.136 


0.135 

3.3 

2.869 

143.5 

0,137 



0.137 


* Calculated for 26“ by n: ' ■ r. 

t Calculated by means of ' ^ WD) - iC where = 0.100 and X J = 0.007 . 

+ This value is assumed equal to that of Scatchard and Prentiss at the same temperature and concentration 
(see reference 6, page 733). 

From Cohn, E. J,, McMeekin, T. L., Ferry, J. D., and Blanchard, M, H., Kef. 13. 


and their results are in good agreement as a first approximation* with the 
freezing point deterrdinations of Scatchard and Prentiss^ with which they 
are compared in Table 1. 

Several qualitative observations may be made regarding these data: 


2 Zittle, C. A., and Schmidt, C. L. A., J, Biol 
Gucker* and '.c. :i: ; -v h wr '.ir. i-f ! ■ v ] 

and of certain rc.'Mi- : ’s.-ric'.— Ii-.-, ;.rd :!c-r- 


Chem., 108. 161 (1935). 

r.i! ;;,!i {■■‘■ii.n!.- ;i: ; the heats of dilution of glycine, alanine, 

!■'!! ■ ‘f.-n,- fthniilH lAfifl +A Qnn.v.+ ..a..:..:...., 4.1 
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(a) as in the case of most electrolytes, the activity coefficients are less than 
unity; (b) unlike the case of electrolytes, - log 7 is proportional in dilute 
solution to the concentration, C, and not to its square root; and (c) the 
ratio - (log 7)/(7 does not remain constant but increases with diminishing 
concentration, approaching a value close to 0.10 at infinite dilution. 

Influence of CH 2 Groups* The electric moments of glycine and alanine 
are presumably identical. Alanine differs from glycine by substitution of 
a hydrogen by a methyl group. The volume of the molecule is thus larger 
by one CH 2 group or by 16.3 cc. per mole^ and the center of the dipole 
is presumably farther from the center of the molecule than in the case of 
glycine^’ Interaction between alanine molecules has now been 


Table 2 . Activity Coefficients of oj-Amino Acids in Aqueous Solution at 25° 
PROM THE Measurements op Smith and Smith^- ^ 


Moles 
per 1000 
g. water 

dl- 

Alanine 

Sar- 

cosine* 

dl~ 

Serine 

dl-a- 

amino-»- 

butyric 

acid* 

dl- 

Threo- 

nine 

o'-Amino- 

iso- 

butyric 

acid 

dl-OL- 

amino-»- 

valeric 

acid 

dl- 

Valine 

Be- 

taine* 

Proline* 

7-Hy- 

droxy* 

proline 

M 

-log 7 

—log 7 

—log 7 

—log 7 

—log 7 

“log 7 

—log 7 

—log 7 

-log 7 

-log 7 

-log 7 

0.0 












0.2 

-0.002 

-0.002 

0.016 

-0.009 

0.005 

-0.011 

-0.009 i 

-0.013 

-0.030 

-0.008 

0.000 

0.3 

-0.003 

-0.003 

0.025 

-0.012 

0.007 

-0.016 

-0.014 

-0,019 

-0.044 

-0.012 

0.000 

0.4 

-0.004 



-0.017 


-0.021 

-0.019 

-0.025 




0.5 

-0.006 

-0.005 

0.042 

-0.020 

0.011 

-0.026 

-0.023 

-0.032 

-0.074’ 

-0.020 

-0.001 

0.65 

-0.006 



-0.026 


-0.033 

-0.030 

-0.042 




0.7 


-0.009 



0.015 




-0.104 

-0.029 

-0.001 

0.8 

-0.008 



-0.032 


-0.041 






1,0 

-0.010 

-0.014 


-0.040 

0.018 

-0.050 



-0.147 

-0.040 

-0.003 

1.2 

-0,012 

-0.018 


-0.047 

0.020 

-0.058 



-0,176 


-0.004 

1.5 

-0.015 

-0.025 


-0.057 

0.022 

-0.071 



-0.219 

-0.060 

-0.006 

1.7 

-0.017 



-0.064 








1.9 

-0.020 



-0.071 








2.0 


-0.038 



0.025 




-0.2S9 

-0.081 

-0.011 


* Activity coefficients are reported for higher concentrations than 2.0 molal in the original communication. 


studied by measurements both of vapor pressure‘s and of freezing poi^t^ 
The vapor pressure measurements of Smith and Smith”, reported in Table 
2 , are plotted in Fig. 1 . 

Whereas the activity coefficients of glycine, like those of electrolytes, 
are smaller than unity in dilute solution, those of alanine are greater. 
Moreover, - (log 'y)/C is nearly independent of alanine concentration*, 

I 5- i-' MoMeeWn, T. L„ Edsall, J. T., and Blanchard, M. H., J. Am. Chem. Soc., 56, 784 (1934). 

8 Cohn, E, J., CAew. iBev., 19, 241 (1936). 

* Kirkwood, J. G., Personal communication. 

10 Cohn, E. Annual Ueview of Biochemistry. 4, 93 (1036). 

“ Smith, P. K., and Smith, E. R. B., J. Biol, Chem., 121, 607 (1937). 

* The vapor pressure measurements of Smith and Smiths, are reported as osmotic coefficients, 0, and 
empirical eqimtions given for the variation in terms of concentration in moles per 1000 grams of water, w, 
m 0 and 7. The ratio (log7)/m, calculated from their results, diminishes with increase in concentration. 
ihe concentration as moles per liter, C, was estimated from the relation: 

M 1000(7/(1000 - 0C)997.O8 
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having a value of -0.005, as compared with a value for glycine (Fig. 1) 
which (a) is opposite in sign, (b) is nearly ten times as great as for alanine, 
and (c) diminishes with increase in concentration. If the effect for glycine 
is acribed to the dipole moment of its molecules, then that for alanine 
must be ascribed to large repulsive forces in aqueous solution between the 
dipole of one molecule and the nompolar side chain of a second. 

This effect is far greater if the side chain of an a-amino acid is an ethyl 
group, as in a-aminobutyric acid (Fig. 1), and still greater if the paraffin 
chain is still longer. 


a-AIanine 


di-a-Amino-n-butyric acid 




Solutions of Alanine and a-Aminobutyric 

andSmhh measurements of Smith 

la. cystme; ®, asparagine; O, alanine. 
i-D. cystme; #, asparagine; O, a-aminobutyric acid. 


The slope - (log y)/C is -0.005 for dZ-alanine, -0.033 for dZ-a-amino-n- 
butyric acid, and -0.047 for <ZZ-a-aminovaleric acid. Clearly the effect 
does not continue to increase at the same rate with further increase in the 
ien^h of the paraffin side chain. It would appear to be somewhat greater 
for branched than for straight paraffin chains,* according to the measure- 
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ments of Smith and since the limiting slope is -0.054 for a-amino- 

isobutyric acid and —0.064 for dZ-valine. 

These estimated limiting slopes are recorded in Table 3, and the in- 
fluence of each CH 2 group in side chains ending in methyl groups estimated 
by subtracting values of - (log y)/C of dipolar ions differing only in the 
length of their paraffin side chains from the previous member of each 
series. The increment per CH 2 group is always negative, but diminishes 
from approximately -0.10 for the change from glycine to alanine to a 
value about one-tenth of this, or -0.01 for the change from either the 
straight or branched chain a-aminobutyric acid to the comparable a- 
aminovaleric acid. 

Influence of OH Groups, Amino acids differ from each other not 
only with respect to methyl groups, but also with respect to other con- 
figurations. The influence of the hydroxyl group upon the activity coef- 


Table 3. Influence op Structure on Activity Coefficients of «-Amino Acids 


Substances i and k 

(-(log yVC)i 

(-(log 

A — (log y)/C 
An 

Influence of CH2 Group 

Glycine— alanine 

0.096 

-0.008 

0,075 

-0.006 

-0.033 

-0.054 

-0.005 
-0.160 
0.027 1 
-0.033 
-0.047 
-0.064 

-0.101 

-0.071 

-0.048 

-0.028 

-0.014 

-0.010 

Sarcosine — betaine 

Sftrinfi — threonine 

Alanine — a-amino-n-butyric acid 

a-Aminobutyric — a-aminovaleric acid 

a-Aminoisobutyric — a-Aminoisovaleric acid 

Influence of Hydroxyl Group 

di-a- Alanine — di-serine 

-0.005 

-0.033 

-0.043 

0.075 

0.027 

-0.001 

0.080 

0.060 

0,042 

di-a-Amino-n-butyric acid — di-threonine 

di-Proline — i-hydroxyproline 


ficients of amino acids has also been investigated by Smith and Smith^^ 
and their results are given in Table 2. These results for serine and threo- 
nine, each of which has a hydroxyl group, may be employed in estimating 
the influence of the OH group. The polar nature of the hydroxyl group 
may be seen (Table 3) to result in a limiting slope for serine greater than 
that for alanine and for threonine greater than that for a-ammo-?i-butyric 
acid. The difference in the values of - (log y)/C for serine and threonine 
is also greater than for alanine and a-amino-n-butyric acid, thus indicating 
that the effect of CH 2 groups in diminishing the values of - (log 'y)/C 
is greater the more polar the molecule in which they are substituted. 


«-Aminobutyiic acid 
o-AminocaDroic acid . 


- 2.376 

- 1.414 


- 3.355 

- 3.374 
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Whereas methyl groups increase, hydroxyl groups diminish the activity 
coefficients of the amino acids. The influence of the hydroxyl group is 
estimated in Table 3 by comparing alanine and serine, a-amino-n-butyric 
acid and threonine, proline and hydroxyproline. These results contrast 
interestingly with those in Table 6 of Chapter 9. The negative logarithm 
of the activity coefficient, (as judged from the logarithm of the solubility 
ratio, log ///iVo) of an amino acid in an organic solvent is negative in sign 
and greater, the greater the number of CHa groups in the organic solvent, 
by 0.01 per CH2 group per mole of solvent. Each CH2 group in the paraf- 
fin side chain of the amino acid diminishes this effect (that is, Ki/C is 
positive in sign and equal to 0.029), whereas each hydroxyl group increases 
this effect {K\/ C = ~0.039) . The value of the limiting slopes in - (log 7) /C 
in Table 3 is positive in sign for glycine, is diminished by each CH2 group, 
but increased by each hydroxyl group. If the influence of the CH2 group 
diminishes from approximately -0.10 for its effect on - (log y)/C of a 
pola,r molecule without paraffin side chains to a value of -0,01 for an 
additional CH2 group in a molecule already possessed of a paraffin side 
chain, the influence of the hydroxyl group would appear to diminish from 
an approximately equally large positive value, as in the case of serine, 
to a far smaller effect for hydroxyproline. 

The influence of a group is, of course, not independent of its position 
in the molecule. The methyl group attached to the positively charged 
nitrogen, as in sarcosine, has an effect close to that in the paraffin side 
chain of its isomei, alanine, being estimated at —0.008 for the former as 
compared to -0.005 for the a-amino acid^^ Betaine, with three methyl 
groups attached to the positively charged nitrogen, has a value of 
“ (iog rye of -0,150. The influence of each non-polar group is thus far 
greater in this case than for its isomer, valine. We mu'==t ihvs oon=^ido^ 

not only the nMwe and number of polar and nuri-i>oi£u- groups but also 
their pos^^^^^^ ' ’ ^ 


Activity Coefficients of Asparagine as a Function of Concentration of Other 
Dipolar Ions 


Influence of CONH Groups. Asparagine is an a-amino acid of low 
solubility and with no exposed CH^ group. Moreover, the terminal group 
contams the CONH group, characteristic of the peptide linkage. Am- 
monia can be split from this group of asparagine and of the closely related 
g utamine in a,cid solution ' , and the concentration of these amides in 
systen^ containing other amino acids can thus readily be investigated 
either by titration or by Nessler determination of the liberated fl.mmnnifl. 
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Most amino acids increase the solubility of asparagine, and the activity 
coefficients of the asparagine calculated from such measurements are given 
in Table 4. The solubility increased from 0.184 mole per liter in water 
to only 0.192 in 1.5 molal alanine and decreased to 0.170 mole per liter 


Table 4. Activity Coefficients of ^-Asparagine in Aqueous Amino Acid 
Solutions Calculated from Solubility Measurements op Cohn, McMeekin, 
Ferry and Blanchard^^ at 25® 


Amino acid 
concentration 
Ca 

moles per liter 

Density i 
of 

solution 1 
P i 

Dielectric 
constant 
of solvent 

D 

Solubility of /-asparagine 

—log y 
(observed) 

-log 7 
(calculated) 

Ca 

moles per liter 

N 

mole fraction 

Z-Asparagine in water 

0.0 

1.00714 

78.5 

0.184 

1 0.00336 




Z- Asparagine in glycine. 5 = 22.6; K* — 0.094; K* = -0.006 


0.25 

1.01544 

84.2 

0.194 

0.00357 

0.026 

0.023 

0.50 

1,02336 

89.8 

0.199 

0,00370 

0.042 

0.044 

1.00 

1.03886 

101.1 

0.211 

0.00397 

0.073 

0.079 

1,50 

1.05383 

112.4 

0.225 

0.00430 

0.107 

0.108 

2,00 

1.06861 

123.7 

0.231 

0.00449 

0.126 

0.132 

2,80 

1.09080 

141.8 

0.247 

0.00494 

0.167 

0.163 

Z-Asparagine in -digylcine. 

S = 70.6; = 0.136; 

K* = -0.029 

0.25 

1.02164 

96.2 

0.196 

0.00364 

0.035 

0.035 

0.50 

1.03508 

113.8 

0.201 

0.00380 

0.054 

0.061 

1.00 

1.06120 

149.1 

0.218 

0.00425 

0.102 

0.101 

1.40 

1,08170 

177.4 

0.224 

0.00449 

0.126 

0.125 

Z-Asparagine in lysylglutamic acid. 5 — 345; K% — 0.150; K* — - 

-0.075 

0.098 

1.01762 

112.4 

0.186 

0.00346 

0.018 

0.018 

0.192 

1.02780 

144.8 

0,189 

0.00356 

0.030 

0-030 

* Z-Asparagine in alanine. 

S = 22.6; = 0.094; K* = 0.033 


0.25* 

1.01436 

84.2 

0.188 

0.00347 

0.014 

: 0.014 

0.50 

1.02132 

89.8 

0.191 

0.00357 

0.026 

' 0.025 

1.00 

1.03490 

101.1 

0.192 

0.00368 

0.040 

0,040 

1.50 

1.04788 

112.4 

0.192 

0.00375 

0.048 

0.049 

Z-Asparagine in a-aminobutyric acid. 8 — 

22.6; KS = 

0.026; Kf = 

0,012 

0.25 

1.01382 

84.2 

0.182 

0.00338 

0.003 

0.003 

0.50 

1.02025 

89.8 

0.180 

0.00339 

0.004 

0.005 

1.00 

1,03347 

111.1 

0.178 

0.00346 

0.013 

0.008 

1.50 

1.04591 

112.4 

0.170 

0.00342 

0.008 

0.009 


From Cohn, E. J., McMeekin, T. L., Ferry, J. I)., and Blanchard, M. H., Ref, 13. 


in 1.5 molal a-aminobutyric acid. The greatest change in solubility pro- 
duced by these two amino acids thus never exceeded 5 per cent, whereas 
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in Fig. 2a. The effects of the same substances on cystine are shown in 
Fig. 2b.'7,i8 

At low concentrations the interaction of glycine with glycine and of 
glycine with asparagine would appear to yield almost identical activity 
coefficients.* The large size of the asparagine molecule does not appre- 
ciably diminish this effect, which might thus be thought to depend largely 
on the moments of these two dipolar ions. Both are a-amino acids, and 
the dielectric increment of glycine is reported to be somewhat larger than 
that of asparagine, being 22.6 for glycine^® and 20.4 for asparagine^® (see 


Asparagine Cystine 



otte®pokr“ona'!' Asparagine and of Cystine in solutions containing 


Chapter 6). This difference would appear to be greater than the ex- 
perimental error and might be attributable to the orientation of the 
termmal amide group with respect to the dipolar ion moment. The in- 
fluence of glycine m diminishing the activity coefficient of asparagine is 
owever, not smaller but somewhat greater than the comparable effect of 
glycine upon glycinev 


change ^th ch^g^n^olve?t ^ are eimilar. Thus the 

almost identical: the values nf In* AT ^polar ions*’* » is 
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Influence of CH 2 Groups. Terminal non-polar groups on inter- 
acting molecules have the opposite effect to that due to their electric mo- 
ments. Thus alanine, Q:-aminobutyric acid, and valine have activity 
coefficients greater than unity in aqueous solution. On the other hand, 
alanine and a-aminobutyric acid decrease the activity coefficient of 
asparagine, although far less than glycine does. The apparent molal 
volume of a-aminoisobutyric acid is 78.1 cc., or almost identical with that 
of asparagine, 78.0 cc., and that of valine is still greater, 91.3 ' cc.*^ 
Regardless of size, all the molecules with methyl groups have activity 
coefficients greater than unity in their aqueous solutions — and presumably 
also in the presence of each other — ^whereas the activity coefficients of 
asparagine are less than unity in alanine solutions. 

As a first approximation the CH2 group possessed by alanine but not by 
glycine diminishes the value of — (log y)/( 7 of asparagine by approximately 
0.04 and the additional CH2 group of a-aminobutyric acid by something 
over 0.04 with respect to alanine. The influence of the CH 2 group upon 
interactions with asparagine, with its amide group, is thus of the same order 
as upon interactions with serine and threonine with their hydroxyl groups. 

Activity Coefficients of Cystine as a Function of Concentration of Other 

Dipolar Ions 

Cystine contains two positively charged ammonium groups, each in the 
a-position to a negatively charged dissociated carboxyl group. In other 
words, each molecule contains two groups, each identical with that found 
in alanine, asparagine, and other a-amino acids, the two 

H 0 

I ^ 

+H3N— c— c— 

H— C— 

I 

groups being connected by sulfur-sulfur linkage. Assuming freedom to 
rotate between the 

— c— c— s-~s— c— c— 

atoms which separate the two dipoles, the moment of each of which may be 
considered as approximately 15 Debye units, the moment of cystine would 
be 30 Debye units, were the dipoles parallel, or zero were they anti-parallel. 
From the interaction of cystine and neutral salts (18) it was concluded 
that the moment was somewhat smaller than if the dipoles were parallel, 

XT 11 1 • ’ . n . - - 
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moment could be deduced were the theory for the interaction of dipolar 
ions completely satisfactory. 

Influence of CHa Groups. The activity coeflSoients of cystine have 
been studied by the solubility method in the presence of a-amino acids 
(Table 4 and Fig. 2b). Here also the effect of increasing the length of the 
paraffin side chain is to diminish the solvent action of the a-amino acid. 
Taking the limiting slope of — (log7)/(7 of cystine in glycine (Fig. 2b) 
as 0.23, in alanine (Fig. 2b) as 0.16, in a-aminobutyric, acid as 0.10, 
and in dl-valine as 0.06, there would appear to be an effect of CH 2 groups, 
in diminishing the solvent action of dipolar ions, of slightly less than 
0.07 in -(log y)/C. This is slightly smaller than the difference between 
glycine and alanine. The change from 1 to 2 or from 2 to 3 CH 2 groups 
in the side chain is, however, greater for the interaction with cystine, as 
for that with asparagine, and for hydroxy-amino acids in solutions of one 
solute, than for aliphatic a-amino acids in solutions of one solute. It is 
thus possible that in the interactions of large molecules with strongly polar 
groups a decrease in. — (log y)/C of 0.10 may be expected for each non- 
polar CH 2 group in parafEn side chains, as contrasted with a value of 0.01 
for interactions involving CH 2 groups in less polar molecules (Table 3 
and Tables 8 and 9 in Chapter 9). 

The logarithm of the activity coefficient of cystine in the presence of 
varying concentrations of glycine is graphically represented in Fig. 2b. 
Comparison of the curve for cystine with that for asparagine (Fig 2a) 
or glycine m glycine solutions (Fig. 1) indicates that a large factor in de- 
termining interactions between dipolar ions, as between ions and dipolar 
ions, is the magnitude of their electric moments. 

• Electric Moments. Opposite in sign to the effect of paraffin 

SI e c ains, in determining the interactions between dipolar ions in aqueous 
solution, is the influence of their electric moments. For cystine, as for 
asparagine, the solvent action is greater for diglycine than for glycine 
For urea, with a moment of approximately 6.1 Debye units^', the very 
definite solvent action is less than for glycine. As a first approximation 
the change in free energy of interacting dipolar ions without paraffin side 
chains would thus appear to be proportional to the first power of their moments 


Activity Coefficients of Peptides as a Function of Concentration 

_ The activity coefficients of certain peptides have recently been studied 
in aqueous solutions by vapor pressure measurements by Smith and 
Smith M m the, case of the a-amino acids investigated, the electric 
moments of certain members of this series can be considered identical and 
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the change in activity coefficient as due to the number and position of 
methyl groups substituted for hydrogen in the molecule. On the other 
hand, the moments of all the peptides are appreciably higher (see Table 3, 


Table 6. Activity Coefficients of Cystine in Aqueous Amino Acid Solutions 
Calculated prom Solubility Measurements of Coun, McMeekin, 

Ferry and Blanchardi^ at 25° 


Amino acid 
concentration 
C2 

moles per liter 

Density 

of 

solution 

p 

Dielectric 
constant 
of solvent 

D 

Solubility of cystine 

—logy 

(observed) 

—log 7 
(calculated) 

Ca 

moles per liter 

N 1 

mole fraction 

Cystine in water 

0.0 

0.9972 

78.5 

0.000454 

0.00000820 



Cystine in glycine. 8 = 22.6; Kr = 0.293; Ka = 0.007 


0.1 

1.0020 

80.8 

0.000478 

0.00000865 

0.023 

0.022 

* 0.25 

1.00512 

84.2 

0,000518 

0.00000942 

0.060 

0.052 

0.5 

1.01279 

89.8 

0.000558 

0.0000102 

0.095 

o.ogs 

1.0 

1.02801 

101.1 

0.000632 

0.0000117 

0.154 

0.161 

1.5 

1.0422 

112.4 

; 0.000701 1 

0.0000132 

0.207 

0.207 

2.0 

1.05755 

123.7 

0.000743 ! 

0.0000142 

0.238 

1 0.238 

2.8 

1.08033 

141.8 

0,000779 

0.0000152 

0.268 

! 0.267 


Cystine in diglycine. 8 = 70.6; Kr — 0.380; Ka ~ 0.0 


0.25 

1.01097 1 

96.2 

0.000532 1 

0.00000976 

0.075 

0.078 

0.5 

1.02446 i 

113.8 

0.000597 

0.0000111 

0.131 

0.131 

1.4 

1.07164 

197.4 

0.000711 

0.0000140 

0.232 

0.235 


Cystine in urea.* Kr =^0.085; Kg = 0.0 


1.0 

1.0133 

« 81.3 

0.000536 

0.00000994 

0.083 

0,082 

2.0 

1.02852 

84.0 

0.000622 

0.0000119 

0.162 

0.156 


Cystine in dZ-alanine. 8 = 22,6; Kr = 0.293; K^ = 0.136 


0.25 

1.00431 

84.2 

0.000495 

0.00000904 

0.042 

0.033 

0.5 

1.01139 j 

89.8 

0.000513 

0.00000947 

0.062 

0.060 

1.0 

1.02529 

101.1 

0.000532 

0.00001004 

^0.088 

0.092 


Cystine in a-aminobutyric acid. 8 — 22.6; Kr — 0.293; Kg = 0.191 


0.25 

1.00408 1 

84.2 

0.000474 i 

0.00000869 

0.025 

0.021 

0.5 

1.01082 

89.8 

0.000475 

0.00000884 

0.032 

0.033 

1.0 

1.02435 

101.1 

0.000461 1 

0.00000884 

0.032 

0.037 

1.5 1 

1.03764 

112.4 

0.000442 

0.00000875 

0.028 

0.021 


Cystine in d^-valine. 

S = 22.6; Kb = 0.293; K, = 0.234 


0.25 

1.00382 

84.2 

0.000454 

0.00000835 

0.008- 

0.010 

0.5 

1.01046 

89.8 ; 

0.000453 j 

0.00000849 

0.015 

0.011 


* Values for D are taken from Wyman®*. 

From Cohn, E. J., McMeekin, T. L., Ferry, J. D., and Blanchard, M. H,, Eef. 13. 
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These results are given in Table 6 which may be contrasted with Fig. 2, 
in which activity coefficients of asparagine in the presence of other dipolar 
ions are graphically represented. Both series of measurements illustrate 
the antagonistic effects due on the one hand to the influence of the electric 
moment in diminishing activity coefficients, on the other hand to the CH 2 
groups in paraffin side chains in increasing activity coefficients. For any 
electric moment, when the number of non-polar side chains reaches a 
certain value, the value of — (log y)/C passes through a maximum, as is 
the case for the interaction between asparagine and a:-ammobutyric acid 
(Fig. 2), and of pure solutions of alanylalanine (Table 6). In the latter 
case, as in pure solutions of alanine, and of a-amino acids of ethyl and 
longer paraffin side chains, the value of - (log y)/C may even become 
negative. 


Table 6 , Activity Coefficients of Amino Acids and Peptides op Vakying 
Dipole Moment peom the Measurements of Smith and Smith^^ • 


Moles 
per 1000 
g. water 

/S- 

Ala- 

nine* 

dl-^- 

Ammo- 

butyric 

acid* 

Amino- 

valeric 

acid* 

Amino- 

butyric 

acid* 

dl-y- 

Amino- 

valeric 

acid* 

e- 

Amin9- 

caproic 

acid* 

Glycyl- 

glycine 

Gtycjrl- 

Alanine 

Alanyl- 

glycine 

Alanyl- 

alanine 

Tri- 

glycine 

tn 

-log y 

-logy 

-logY 

-log y 

-log 7 

-log 7 

-log 7 

-log 7 

-log 7 

—log 7 

-log 7 

0.1 



1 



i 





0.041 

0.2 1 

0.003 

-0.003 

-0.007 I 

0.007 

0.000 

0 . 013 ! 

0.040 

0.029 

0,032 

0.008 

0.070 

0.3 







0.066 

0.040 

0.043 

0.009 

0.095 

0.6 

0.006 

-0.008 

-0.019 

0.016 

-0.004 

0.022 

0.082 

0.064 

0.066 

0.007 


0.7 

0.006 

- 0.012 

-0.027 

0.017 

-0.008 

0.024 

0.102 

0.061 

1 0.063 

' 0.001 


1.0 

0.006 

- 0,021 

-0.040 

0.018 

-0.016 

^ 0.026 

0.128 

0.068 

0.068 

0.016' 


1.2 

0.004 

- 0.027 

-0.048 

' 0.016 


0.016 

' 0.141 

0,073 




1.6 

0.000 

-0.037 

1 -0.062 

1 0.011 

-0.033 

- 0.001 

0.1,67 





1.7 







0.164 





2.0 

-0,007 

-0.058 

-^0.086 

-0.003 

-0.054 

-0.030 







* Activity coefficients are reported for higher concentrations than 2.0 molal in the original communica- 
tion 


Table 6 illustrates these two effects, namely, the effect of dipolar ions 
varying in moment in increasing the values of (log y)/C and of those 
of the same moment but varying numbers of CH 2 groups in diminishing 
- (log y)/C, The first effect would appear to be magnified at low con- 
centratious, the second ‘ 'salting-out’ ' effect at higher concentrations. 

Interactions Between Dipolar Ions 

In the preceding chapter we conclude that the interactions between 
organic solvents and dipolar ions could not be satisfactorily accounted 
for in purely electrostatic terms by any theory yet suggested. The very 
.i. noH-nolar errouns both of solvent 
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Dipolar ions may be considered as occupying a position, stressed in the 
introduction to this book, intermediate between that of ions and most un- 
charged organic molecules. It therefore seemed possible that the inter- 
actions between dipolar ions — especially those without paraffin side chains 
— would more readily reflect the expected electrostatic forces. 


Table 7. Influence of CH2 Groups upon the Interactions between 

Dipolar Ions 


Dipolar ion 


Glycine .* 

dZ-a-Alanine 

\T^ir~ b“^r''i> acid 

v.,'- !='■ acid 

di-a-Aminoisobutyric acid 

dZ-Valine 

Alanine 

i3-Aminobutyric acid 

/3-Aminovaleric acid 

7 -Aininobutyric acid 

7 -Aminovaleric acid 

e-Aminocaproic acid 

dZ-Serine 

dZ-Threonine 

Asparagine in glycine 

Asparagine in alanine 

Asparagine in a-aminobutyric acid 

Cystine in glycine , 

Cystine in a-alanine 

Cystine in a-aminobutyric acid 

Cystine in valine 

Sarcosine 

Betaine 

Glycylglycine 

Alanylglycine 

Glycylalanine 

Alanylalanine 


CHa 

Groups 

in 

paraflGui 

side 

chains 

ftCHj 

Limiting 
slope 
—log 7/C 



AJTf 

n 

0 

0,096 

0.092 

-0.004 


1 

-0.006 

0.010 

. 0.015 

0.019 

2 

-0.033 

0.016 

0.049 

0.027 

3 

-0.041 

0,000 

0.042 

0.015 

2 

-0.064 




3 

-0.064 




0 

0.015 

0.022 

0.007 


1 

-0.011 

0.024 

0.035 

0.028 

2 

-0,035 

0.012 

0.047 

0.020 

0 

0.043 

0.046 

0.003 


1 

-0.001 

0.018 

0.019 

0.016 

0 

0.079 

0.098 

0.019 


1 1 

0.075 




2 1 

0.027 

-0.014 

-0.013 


0 

0.100 

0.094 

-0.006 


1 

0.061 

0.094 

0.033 

0.039 

2 

0.014 

0.026 

0.012 

0.009 

0 

0.226 

0.293 

0.067 


1 

0.157 

0.293 

0.136 

0.069 

2 

0.102 

0,293 

0.191 

0.062 

3 

0.059 

0.293 

0.234 

0.056 

1 

-0.008 

‘ 0.016 

0.024 


3 

-0.160 

0.042 

0.192 

0.084^ 

0 . 

0.241 

0.227 

-0.014 


1 

0.208 

0.293 

0.085 

0.099 

1 

0,189 

0.243 

0.054 

0.068 

2 

0.073 

0,203 

0.130 

0.072 


For amino acid and peptide solutions the dielectric constant is, as we 
have seen, linear in the concentration, C, expressed as moles per liter, the 
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If we multiply the quantity in the Born-Fajans equation (l/D - l/Do) 
by ~-D\/d, we have 

^(pl/h){l/D ^ 1/A) - {Do/D){D - Do)/B (3) 

For the interaction between dipolar ions it will be more convenient to 
substitute for (D — A)/5 in the last equation the concentration C, in 
moles per liter of the dipolar ion. The change in free energy due to elec- 
trostatic forces can therefore be conveniently written for interactions in- 
volving dipolar ions, in the form, 

-(A - Fl)/2MZkT - log 7 = KI{D,/D)C - iCC (4) 

in which the salting-out constant is equal to -Ki/C, and Kr = 
K2b/2.Z0ZD\kT. On the basis of the above equation the logarithm of 
activity coefficients of dipolar ions should be linear in (Do/D)C in cases 
where the salting-out term is small. This is nearly true for the interaction 
between asparagine and glycine (Table 4) and between cystine and digly- 
cine (Table 5). In other cases, if this equation be valid and (log N/N^)/G 
be plotted as ordinate againstA/D as abscissa, extrapolation to the point 
where A/D equals unity should yield {Kt - The difference between 
this value and that where A/D equals 0.5 should yield Kt/2. In this way 
estimates of Kt, and for each interaction can be obtained, provided the 
experimental points fall on a straight line when plotted in this manner. 
Certain of the measurements reported are analyzed in this w’^ay in Table 
7. The limiting value of the slope, - (log y)/C, at zero concentration 
gives Kr - K,. 

In these terms the activity coefficients of alanine, a-aminobutyric acid, 
and a-aminovaleric acid are most readily described in terms of large 
values of the salting-out constant K*, and small values of lit. Large 
values of Ks have been observed in all interactions in which one (r both dipolar 
ions have paraffin side chains, and the values of Kt are, moreover, of the 
same order of magnitude as for the transfer to non-aqueous solvents. 

In contrast to the influence of the paraffin side chain upon Kt is that of 
an amide or peptide group. We estimated that Kt was close to zero in 
the interaction between glycine and asparagine, and asparagine has an 
amide group. Kt has also been estimated to be zero for the interaction 
of diglycine and cystine, and diglycine contains the peptide linkage. In 
the interaction between asparagine and diglycine, or asparagine and lysyl- 
glutamic acid, where amide and peptide groups are constituent parts of 
both interacting dipolar' ions, Kt appears to have a sign opposite to that 
observed for the other dipolar ions investigated. T his is rnn'i in 
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ship between “salting-in’^ by certain electrolytes and the concentration 
has been observed. 

The moments for glycine, diglycine and lysylglutamic acid are 15, 26, 
and 59 Debye units, respectively (Table 8). The observed limiting 
slopes for the interaction of asparagine with these three dipolar ions may 
be taken as 0.10, 0.17 and 0.23. Thus Kt increases by less than the first 
power of the moment. The interaction of cystine has been studied with 
urea, glycine, and diglycine, and their moments may be taken as 5.1, 
15, and 26, or roughly as 1 is to 3 is to 5. The observed limiting slope 
for cystine in urea, 0.088, is less than a third that in glycine, and that 
in diglycine, 0.380, is less than five times that in urea. As in the case 
of interactions with asparagine, interactions between the dipolar ions that 


Table 8. Influence of Dipole Moment upon the Interactions between 
Dipolar Ions without Paraffin Side Chains* 


Bipolar ions 

Distance 
of closest 
approach 
bi-^bk 

Dipole 

moments 

Product 
of dipole 
moments 

Limiting slope 



Mi 

fik 

Estimated 

from 

experiment 

-{log 7 )/C 

Calculated 

from 

theory 

-(log7)/C 

Cystine 

Urea 

6.54 

27 

5 

135 

0.088 

0.012 

Glycine 

Glycine 

6.64 

16 

15 

225 

0.096 

0.063 

Asparagine ! 

Glycine 

6.13 

15 

15 

225 

0.100 

0.042 

Asparagine 

Diglycine 

6.65 

15 

26 

390 

0.165 

0.097 

Cystine 

Glycine 

6.76 

27 

15 

405 

0.226 

0.101 

Asparagine 

Lysylglutamic acid 

7.68 

15 

59 

885 

0.225 

0.343 

Diglycine 

Di glycine 

6.64 

26 

26 

676 

0.241 


Cystine 

Diglycine 

7.28 

27 

26 

702 

0.380 

0.246 

Triglycine 

Triglycine 


32 

32 

1024 

0.470t 



The measurements upon such amino acids as j8-alanine, r-aminobutyric and «-aminocaproic 
acids are not here considered because r i- ‘r* I ■ •‘‘•’rj; -leasurements upon such mole- 
cules. (See Cohn, E. J., McMeekin, T. . . ! i. ■ A- ii .. . Am. Ckem. Soc.^ 56, 2270 (19S4); 

,and McMeekin, T. L., Cohn, E. J., and ; , . : ! . ■ , , 

t For triglycine iiC^ has been estimi. : ■ , ,<* 


have been investigated indicate that change in free energy with change in mo- 
ment increases by slightly less than the first power of the products of the moments 
(Table 7). 

Theoretical Models. Scatchard and Kirkwood have extended the 
treatment for the change in free energy with change in dielectric constant 
of the solvent to the case of dipolar ions^®. Considering a dipolar ion 
as made up of two spheres of radius b separated by a distance 7?, with a 
charge +€2 in one sphere and in the other, they evaluate 
(f . - F")/(l/D - l/Z»o) a‘s iV6V(l/6 - l/R). 

Tf WA OQanryiA t-Iio loaf Avr^rAQairkn nritrAa (acko. ordiQ+irkn at* 9 QAQ IHi? 
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then when the solubility of a given dipolar ion is influenced by different 
substances, Kr should increase directly with the dielectric constant in- 
crement, d. 

In order to test this equation we have tentatively assumed that R for 
glycine and all a-amino acids is 3.17 A. Considering glycine to be a sphere 
of radius 2.82 A, with the center of the dipole at the center of the molecule, 
the charges would be 1.24 A from the edge of the molecule. Taking b 
as 1.24 A throughout, values of Kr estimated on this double sphere or 
^ ^dumb-bell modeh' are given in Table 9. 

This model does not allow for the volume occupied by parts of the 
molecule not situated between the charged groups. Kirkwood has de- 
veloped a spherical modeP® within which any number of charges is 
located. The general expression for the change in free energy with the 
dielectric constant of the medium is in the form of an infinite series. How- 
ever, for the special case of two charges equidistant from the center, an 
explicit summation has been made. Taking the values of the radius 6, 
given in column 3 of Table 9, and assuming the distance of the charges 
from the edge to be L24 A, as before, values of Kr have been calculated* 
and listed in column 7. Here too Kr should, according to the theory, be 
proportional to 5. 

In both these theoretical treatments the dipole molecules whose activity 
coefficients are considered are supposed to be surrounded by a structure- 
less dielectric continuum, in which the presence of other dipolar ions 
increases the dielectric constant, their molecular structure being ignored. 
This picture may be replaced by one somewhat more detailed, which 
considers molecular interaction^ of pairs of dipolar ions immersed in a 
supposedly continuous medium with the dielectric constant of the pure 
solvent. Here the greater complexity of the treatment has led to a 
simpler model for the dipolar ion. In the development of Fuoss^®' ^ 
the molecule is represented by a sphere of radius b with a point dipole at 
the center.t Following Fuoss, the interaction constant of a dipole species 
i in the presence of an excess of a species k in water at 25*" is given by 


Kr - -(log yi)/Ck = 3.69 x (5) 

where Mi and ma are the moments of the two dipoles in Debye units and 
e(x) is a function given by Fuoss^®’ where 

x^0.70^fx,f,,/{b,-\-b,y ( 6 ) 


•Kirkwood. J. G., Chem, Rev., 1% 276 (1936). 

OJ wo* and - 51.8 A. (See Ferry, Cohn and Newman; J. Am. Ckem. 8oe., 60, 1480 (1038)). See Chafder 
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ilculated from the assumption of spherical shape. 

m Cohn, E. J., McMeekin, T. L., Ferry, J. D., and Blanchard, M. H., Ref. 13. 
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and hi and hk are the radii of the two dipoles. Here both a: and Kr, as 
given by Fuoss, have been multiplied by the factor 9/4, in accordance 
with the correction of Kirkwood^' for the case that the dielectric con- 
stant of the cavities represented by the molecules is small compared, with 
that of the surrounding solvent. 

Dipole interaction has been calculated by means of the above equation 
for the molecules that have been investigated, using the values of /x and h 
given in Tables 8 and 9. These values of Kr are listed in the last column 
of Table 8. 

In order to account for the salting-out effect in dipole-dipole interaction 
Kirkwood^ has suggested for the same spherical model an equation of the 
form 


Ks = 


ZttN 


1 




(7) 


2dOZDkT 2(&i + bkY 
with the units in electrostatic units which for water at 25® with /x in Debye 
units becomes: 

K, = [3.82 X 10"V(&< + h)%lbl + nlhl] (8) ' 


Values of K, calculated on the basis of this equation have been given by 
Cohn, McMeekin, Ferry and Blanchard* (Column 9 in Table 9). 

These various calculations have been compared with the experimental 
limiting slopes^l The only cases in which there is even approximate 
agreement with the Born-Fajans treatment are those of cystine in urea 
and hemoglobin in glycine. In each of these systems the molecule whose 
solubility is measured is large compared with the other dipolar ionic 
species, so that the merging of the latter in a continuous medium, assumed 
by the theory, is more closely approached. In all other systems investi- 
gated the calculated values are many times larger than those observed, 
the discrepancy being greater for the dumb-bell than for the spherical 
model. 

Corrected or uncorrected for the salting-out effect, the model for inter- 
action between spherical molecules with dipoles at their centers gives far 
smaller results, more nearly of the order of the experimentally observed 
limiting slopes (Table 8, last column). Two types of discrepancy are 
apparent. For the activity coefficients of glycine, asparagine, and 
cystine in glycine, diglycine and lysylglutamic acid, the calcu- 
lated limiting slope is too small; presumably the dipoles are mutually 
accessible to a greater extent than represented by the model. On the 


• Reference 13, Table 4, An alternative molecular mo^el suggested by Kirkwood® for calculations of 

* ‘ " 1 » . . , . tr -r, fnw nrattif 
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other hand, for the activity coefficients of a-amino acids with paraffin 
side chains and for asparagine in a-aminobutyric acid, the calculated 
limiting slope is too large; presumably the repulsive effect of the side 
chains is greater than the model represents. 

While the agreement of the different theoretical approaches with ex- 
periment is nowhere satisfactory, the nature of the discrepancies suggests 
that a much better representation of the facts may be obtained by ex- 
tending the treatment of dipole-dipole interaction to molecular models 
of a more detailed and specific structure. 



Chapter 11 

Interactions between Ions and Amino Acids or Peptides 

By Edwin J. Cohn 


The interactions of proteins and electrolytes had been observed in the 
century before the interactions of amino acids and electrolytes were in- 
vestigated. Denis^ noted that certain of the proteins of the blood, later 
called globulins, were soluble in neutral salt solutions but not in salt-free 
solutions. In 1905 there appeared three classical studies upon globulins 
with special reference to their interactions with electrolytes*' In one 
of these, upon serum globulin, MeUanby concluded: “Solution of globulin 
by a neutral salt is due to forces exerted by its free ions. Ions with equal 
valencies, whether positive or negative, are equally efficient, and the 
efficiencies of ions of different valencies are directly proportional to the 
squares of their valencies”*’”'*^®. This accurate formulation of the 
principle of the ionic strength— rediscovered in 1921 by G. N. Lewis' as a 
description of the effect of neutral salts upon each other — acquired theo- 
retical sig^cance in Debye’s 'theory of interionic forces. The ionic 
concentration, P, defined as the summation 2Cz\ where z is the valence 
of each ionic species, is related in Debye’s theory to the temperature, the 
dielectric constant of the medium and k, a measure of the thielcne s s of the 
ion atmosphere, by the equation 


2 


K 


_ 12.67 X 10“ „ 

loooDkT “ m — ^ 


( 1 ) 


pie dielectric constant thus plays an important role in this theory in 
etermining that part of the activity coefficients of ions due to Coulomb 
forces, 7 . . 


(2.303 X 2Dfc7') (rr^) - (2) 

In this equation the dielectric constant is considered unaffected by change 

B comparable to equation 141 in Chapter 3 ). 
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parable to that employed by Debye and McAulay® and by Huckef must 
also be added, (see equations 140 and 160 in Chapter 3), in which “salting- 
out^' is considered some function of 6, the ionic radii. 

Since biological systems contain ions of various kinds as well as other 
components, some of which presumably decrease and others of which are 
known to increase the dielectric constant of water, the significance of these 
relations can scarcely be overemphasized. Were the interaction between 
dipolar ions and ions completely defined by the above equation, and were 
it necessary merely to substitute in equation 2 the change in the dielectric 
constants of solutions due to biological components in order to estimate 
the change in the activity coefficients of ions in biochemical systems, the 
problem would indeed be simple, at least in sufficiently dilute salt solu- 
tions. The influence of different ions would then depend upon their 
radii, 5, their mean effective diameters, a, and valence, z, and the dielectric 
constant. 

The Coulomb forces due to ions are not, however, the only ones which 
we must consider. The conditions in which the activity coefficients of 
ions and dipolar ions may be expected to depend most completely upon 
Coulomb forces obtain in media of low dielectric constant at low tempera- 
ture. Conversely, the specific properties of ions and dipolar ions manifest 
themselves the more the higher the temperature and the dielectric constant. 

In dilute solutions of electrolytes the logarithm of the activity coef- 
ficient is proportional to k and to the square root of the ionic strength. 

/C « 0.33 X 10V(i)o/I>)(r/2) . (3) 

In the case of dipolar ions the logarithm of the activity coefficient does not 
vary as the square root, but as the first power of the concentration. This 
was empirically discovered by studying the solvent action of neutral salts 
upon cystine, and theoretically demonstrated by Scatchard and Kirkwood 
in an extension of the theory of Debye and Hiickel to dipolar ions. They 
demonstrated that the term proportional to the square root of the con- 
centration vanishes when the net charge is zero. 

The Solubility of Dipolar Ions in Aqueous Salt Solutions 

The influence of neutral salts upon the solubility of amino acids was 
studied by Pfeiffer and bis co-workers®' almost 80 years after the dis- 
covery of the globulins by Denis. Certain of their results are graphically 
represented in Fig. 1, in which the logarithm df the ratio of solubility of 
the amino acid in the salt solution to that in water is given as ordinate and 

* Debye, P., and McAulay, J., Phyaik. Z., 26, 22 (1926). 
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the concentration, in this case equivalent to the ionic strength, as the 
abscissa. 

Pfeiffer and Wiirgler thus noted the very great difference in the influence 
of sodium and potassium chloride in their interactions respectively with 
glycine and leucine. For whereas glycine was dissolved by sodium chloride 
and by small concentrations of potassium chloride, (higher concentrations 
of the latter salt slightly diminished solubility) the solubility of leucine 



Figure 1. Solubility of amino acids in.NaCl, #, and KCl, O. 

was diminished by both sodium and potassium chloride, salting-out being 
the predominant effect. 

Euler and Rudberg“ observed an even greater salting-out effect for 
tyrosine by sodium chloride and suggested that this phenomenon could 
be used in the separation-of amino acids much as it is for proteins. 

Glycine and leucine, as^ we have seen, possess the same polar groups 
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groups and in the. size of the molecule. They also differ in the far greater 
solubility of glycine in water, the latter depending, crystal lattice energies 
being equal, upon repulsive forces between the polar solvent and the 
non-polar paraffin side chain of the dipolar ions (compare with Chapter 
10). That these non-polar groups of leucine are responsible for its being 
readily salted-out by sodium chloride, rather than its larger size or lower 
solubility, may be demonstrated by comparing the behavior of leucine 
with that of aspartic acid (Fig. 1). Aspartic acid is less soluble than 
leucine and its molecular size is far greater than that of glycine. Sodium 
chloride has a far greater solvent action upon aspartic acid than upon 
either glycine or leucine. That this is not due to the second carboxyl 
group of aspartic acid but to the absence of a paraffin side chain terminating 
in a methyl group may be demonstrated by comparing these results upon 
aspartic acid with those more recently obtained with asparagine (Table 1) . 

Different electrolytes have very different solvent actions upon amino 
acids as upon proteins. The influence of calcium chloride upon the same 
amino acids is graphically represented in Fig. 2. The order in which 
solubility is increased by calcium chloride is the same as for sodium chloride. 
The solvent action of calcium chloride is, however, far greater. More- 
over, even leucine, which is salted-out by sodium or potassium chloride, 
is dissolved by calcium chloride. The latter would thus appear to have a 
far smaller salting-out effect. Empirical analysis of the curves in Fig. 2 
might suggest that the solvent action of calcium chloride of low concentra- 
tion was the same for glycine and for leucine. This approximates the 
truth. The very profound effect of calcium chloride in diminishing activity 
coefficients, graphically represented in Fig. 2, demands further analysis, 
however, for the interactions between glycine and calcium chloride in water 
are still greater at lower glycine concentration, approaching those of 
aspartic acid. 

Solubility of* Asparagine in Aqueous Salt Solutions. The simplest 
of the a-amino acids, glycine, is, as we have seen, so soluble that the 
influence of dipole-dipole interactions cannot be neglected, and it was 
thought possible that these might account for the far greater change of 
solubility with ionic strength ‘of aspartic acid than of glycine (Pig. 1). 
Aspartic acid on the other hand, with its two carboxyl groups, is an acid 
molecule at its isoelectric point. Asparagine is closely related to aspartic 
acid, is neutral, and has been found to behave much as does glycine in 
dipole-ethanol (Chapter 9) and dipole-dipole interactions (Chapter 10) 
despite its larger size. 

nriiA QnliiKilif.tr QGr\QT*c»nri-n£i in ariiiorinc! crvriinnn t»nr1 li+T^in-m 
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same and are far greater than upon glycine. The measurements upon 
glycine in lithium chloride carried out at 25° (reported in Table 13), 
are in fair agreement with those of Pfeiffer and Wiirgler (10) at 20°, which 
they supplement, and allow us to carry still further the analysis of the 
interactions of a-amino acids and alkali halides. 



Figure 2. Solubility of aminp acids in CaCh. The data for cystine are from the 
paper by Blix [Z. physiol. Chem.j 178, 109 (1928)]. The other data are reported by 
Pfeiffp and Wiirgler [Z. physiol. Chem., 97, 128 (1916)]. From Edsall, J. T., in 
Schmidt, C. L. A., The Physical Chemistry of ihe Amino Acids and Proteins. p.871, 
Thomas, Springfield, 111., 1938. 

The difference between the interactions of alkali halides with these 
a-amino acids would appear to depend rather upon the greater solubility of 
the glycine than upon the nature of alkali halide. The measurements upon 
the solubility ratio of asparagine in solutions containing both sodium 
chloride and glycine^^^, also reported in Table 1, are graphically represented 

m TTirr Q T+ -anil nnfurl +bci hiorh<ir fhcn orKroinp +.fiA 
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smaller the solvent action of the sodium chloride upon the asparagine. 
The influence of dipole-dipole interaction in decreasing the interaction 
of ions and dipolar ions is thus demonstrated by these measurements. 


Table 1. Interactions of Asparagine with Dipolar Ions and Salts at 25° 


Ionic 

strength of 
electrolyte 

r /2 


Density of 
solution 

Amino acid 

Solubility 

(^) 

Logarithm of 
solubility 
ratio 

concen> 

tration 

Moles per 

Mole 

P 

liter 

fraction 


log N/N' 



Cs 

N 



Asparagine in Water 


0.0 

L 00714 

0.0 

0.184 

0.00336 

0.0 

0.0 

0.0 

Asparagine in NaCl 

0.25 

1.01821 


0.203 

0.00371 

, 0.236 

0.043 

0.045 

0.50 

1.02848 


0.216 

0.00396 

0.471 

0.071 

0.075 

1.00 

1.04881 ' 


0.241 

0.00442 

0.935 

0,119 

0.127 

2.00 

1.08782 


0.290 

0.00536 

1.846 

0.203 

0.220 


Asparagine in Li Cl 


0.10 

1.01006 

o'.o 

0.193 

0.003^3 

0.095 

0.0215 

0.023 

0.25 

1.01409 


0.203 

0.00371 

0.236 

0.0431 

0.046 

0.50 

1.02055 


0.216 

0.00395 

0.471 

0.0703 

0.075 

0.75 

1.02698 


0.229 

0.00420 

0.704 

0.0969 

0.103 


Asparagine in Glycine and NaCl 


0.00 

1.03886 

1.0 

0,211 

0.50 

1.05890 

1.0 

0.239 

1.00 

1.07816 

1.0 

0.259 

2.00 

1.11556 

1.0 

0.298 

0.00 

1.06861 

2.0 

0.231 

0.50 

1.08758 

2.0 

0.248 

1.00 

1.10600 

2.0 

0.266 


0.00397 

0.0 

0.0 

0.0 

0.00451 

0.369 

0.055 

0.075 

0.00490 

0.734 

0.091 

0.124 

0.00569 

1.456 

0.156 

0.214 

0.00449 

0.0 

0.0 

0,0 

0.00484 

0.304 

0.033 

0.054 

0.00520 

0.605 ; 

0.064 

0.106 


Asparagine in a-Amino-n~butyric Acid and NaCl 


0,0 

1.02025 

0.5 

0.180 

0.00339 

0.0 

0.0 

0.0 

0.1 

1.02461 

0.5 

0.189 

0.00356 

0.084 

0.0212 

0.025 

0.5 

1.04086 

0.5 

0.208 

0.00393 

0.416 

0.0642 

0.077 

1.0 

1.06069 

0.5 

0.233 

0.00441 

0.826 

0.1142 

0.138 

0.0 

1.03347 

1.0 

0.178 

0.00346 

0.0 

0.0 

0.0 

0.1 

1.03750 

1,0 

0.183 

0.00355 

0.075 

0.0111 

0.015 

0.5 

1.05351 

1.0 

0.201 

0.00391 

0.372 

0.0531 

0.071 

1.0 

1.07300 

1.0 

0.223 

0.00436 

0.740 

0.1004 

0.136 


Solubility measurements reveal the Coulombic interactions of ions and 
dipolar ions only when the solubility of the saturating body is very small. 



242 


PROTEINS, AMINO ACIDS AND PEPTIDES 


amino acids. In order to estimate activity coefficients by the solubility 
method it seems desirable to consider this tetrapole which possesses no 
paraffin side chain and which has a solubility of only 0.019 gram per liter 
at 25°. The solubility measurements upon cystine may therefore be ex- 
pected to yield activity coefficients without correction for dipole-dipole 
interactions. 



Figure 3, Solubility of glycine and asparagine in sodium chloride and lithium chloride. 

The influence ^of calcium chloride upon the solubility of cystine has been 
studied by Blix'l His measurements (Fig. 2) have been conWed and 
the influence upon cptine of a large number of other salts investigated'' 
(Fig. 4). The fan-like spread of solubility in the nresence of different 
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salts at the same ionic strength, multivalent cations having the greatest 
and multivalent anions the smallest solvent action, resembles that of 
certain proteins (see the solubility of carboxyhemoglobin in aqueous salt 
solution. Fig. 8, Chapter 24). 

Although the solvent action of sodium chloride upon cystine is far 
smaller than that of calcium chloride (Fig. 4), that of ammonium sulfate 
and sodium sulfate is smaller still. The salting-out effect of sodium 
sulfate is greater than is that of ammonium sulfate, but could not be 
studied in such concentrated salt solution. In sufficiently concentrated 
salt solutions the precipitating action of ammonium sulfate could indeed 



r/2 


Figure 4. 

Solubility of cystine in 
aqueous salt solutions. 


be defined by the salting-out expression which applies equally to gases, 
amino acids and proteins: 

log N ^ 13' -- KUt/2) = p" -- K'!i/2 ‘ (4) 

in which r/2 is the ionic strength per liter, and 1/2 the ionic strength per 
1000 grams of water. Taking the ionic strength range from' 6 to 12, the 
solubility results of cystine in ammonium sulfate are analyzed in these 
terms in Table 2. 

Any solubility equation for cystine, as for proteins, must therefore have 
the characteristic that log N becomes linear in the ionic strength in suf- 
ficiently concentrated salt solutions. The value for both K[ and K'J 
and 0' and /8" are given in the last columns of Table 2. These results 
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of cystine in water (log N' = -5.086) is 0.396. An adequate expression 
for the activity coefficient of cystine in ammonium sulfate solutions more 
concentrated than two molal — ^but not in more dilute salt solution — ^would 
therefore be 

- log 7 = log N/N^ - 0.396 - 0.027//2 (4a) 

The large salting-out effect observed in these concentrated ammonium 
sulfate solutions might be considered as being manifest also at lower 
ionic strength. The principle of the ionic strength could be expected to 
obtain therefore only when the salting-out effect is small in comparison 
with Coulomb forces. 

In the case of ions measurements at low concentrations have been em- 
ployed in order to distinguish between Coulomb forces .and the salting- 
out effect. For dipolar ions, both Coulomb forces and the salting-out 


Table 2 . Solubility of CrsTusfE in Concentrated Ammonium Sulfate Solutions 
Defined by the Equations: log - K/ (r/2) =» /S" - K/T f 2 


Ionic Stxeugtb 

Cystine 
Solubility 
mole 
fraction 
NX 108 



X/ 

x/ 

r/2 

6.00 

1/2 

6.915 

1319 

-4.66 

-4.70 

0.046 

0.027 

7.60 

9.021 

1190 

-4.60 

-4.69 

0.043 

0.026 

7.89 

9.630 

1133 

-4,60 

-4.70 

0.044 

0.027 

9.00 

11.340 

1010 

-4.63 

-4.70 

0.044 

0.027 

10.50 

13.965 

920 

-4.61 

-4.67 

0.041 

0.026 

12.00 

16.848 

726 

-4.63 

-4.70 

0.045 

0.027 

Average 


-4.61 

-4.69 

0.044 

j 0.027 


effect are linear in the ionic strength. We may therefore attempt an 
analysis of the results in Fig. 4 by assuming that, as a first approximation, 
differences in the solubility curves in the various solvents are completely 
ascribable to differences in the salting-out constant, Kg. 

Provided Ka be assumed to be 0.06 for calcium chloride, 0.14 for sodihm 
chloride, 0.152 for ammonium sulfate, and 0.18 for sodium sulfate, and 
we plot log N/N^ + KaI/2 against r/2, all the results with these different 
salts fall very closely upon the same curve (Fig. 5). This is true although 
sodium chloride and calcium chloride have a solvent action upon cystine 
even in concentrated aqueous salt solution,, whereas ammonium sulfate, 
as we have seen, is a precipitant under these conditions. The uncorrected 
values of log N/N' are given by the dotted lines. The limiting slope, 

Ev nnnlnTYiK fnrpps tyia.v pnnfiirlArArl Annol fViof 
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The shape of the solid curve in Fig. 5 has the property of being linear 
at very low, and again at very high, values of the ionic strength. An 



Figure 5. 

Solubility of cystine 
in aqueous salt solu- 
tions. 

- NaCl 
ID ^ CaCb 
d « CaCl 2 (Blix) 

O - Na^SO* 

# - (NH4)2S04 
Abscissa: r/2. Ordi- 
nate for dotted curves: 
log N/^' 

Ordinate for points 
and continuous curve: 
log AT/AT' -b KJ/2 


empirical expression on the basis of which the curve in Fig. 5 has been 
constructed may be written as follows: 


log 


N 

N' 



T(Kn+A{T/2)\ 

2 V 1 + B(r/2) ) 


(5) 
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same value of Kr, 0.56, is assumed tentatively for the action of all salts 
on cystine, though the value of the limiting slope may ultimately prove 
to be greater and slightly different for different salts. The values of Ks 
are those given above At the highest ionic strengths studied the curva- 
ture is slightly smaller than that given by the above equation and appears 
to have a nearly constant slope in such concentrated salt solutions that 
salting-out is the predominant factor and equation 4 is an adequate 
description of the data. The form of the above equation merely gives us 
a method of expressing the complicated relations that obtain between ions 
and dipolar ions, at least as a first approximation. 

Activity Coefl&cients of Cystine in Aqueous Salt Solutions Containing 
Other Amino Acids. As a preliminary to the consideration of systems 
containing neutral salts and more than one protein^®^, we may consider 
systems containing neutral salts and two amino acids. The result's of the 
measurements^® on systems containing cystine, glycine, and sodium 
chloride are graphically represented in the accompanying figures (Figs. 
6a and 6b), in which the solubility of the cystine is always given as mole 
fraction, N. The lowest curve in Fig, 6a gives the interaction between 
cystine and glycine in the absence of salt. In the systems containing 
glycine solubility is always higher, and higher the greater the concen- 
tration of glycine and of salt. Whereas both glycine and sodium chloride 
have a solvent action upon cystine, the influence of each of these solvents 
is to decrease the effect of the other. We must therefore conclude that 
the interaction between these dipolar ions is a function of the sodium chloride 
concentration, decreasing with increasing ionic strength. 

The converse to the above stateriiient regarding the influence of ionic 
strength on the interaction between dipolar ions may also be made, namely, 
that the interaction between ions and the dipolar ion cystine is a function 
of the other dipolar ions in solution, diminishing with increasing glycine 
concentration. The very profound solvent action of sodium chloride on 
cystine is greatly reduced in the presence of even a mole of glycine, and is 
almost negligible in the presence of a 2.8 molal glycine solution. In so far 
as the interaction between the sodium and chlorine ions and the charged 
groups of the tetrapole cystine depends upon electrostatic forces, this 
effect is understandable, for by definition change in free energy due to 
electrostatic forces must, according to Coulomb^s law, diminish inversely 

At sufficiently high concentrations the terms:- i j o v.- ■ 'son with the first term 

both of the numerator and of " . '•i-,. , ^ ,,, 

therefore, the ratio A/jB will .• 

up to ionic strengths of 4.5, by a value ror A ot U.a6 .. • ( ■ ' ■ ■ . . ■ ■ . \ ■ ■ ■ . . , ■ y. 

out term. If is multiplied by J/2, still higher iuincsucugLiis are uescriueu u ... " 

A/B must be somewhat greater and B may be taken as 2.0. The solid curve in i'ig. 5 is constructed on this 
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as the second power of the dielectric constant, and the dielectric constant 
of a 2.8 molal glycine solution is 141.8, or as much above water as water 
is above butanol. 

The dielectric constant enters into Debye^s electrostatic force theory 
in several ways. If we plot the measurements, made at different glycine 
concentrations and therefore at different dielectric constants, with 
{Do/D){T/2) (which is proportional to k) as abscissa and (D/Do) 
log N/N^ + KsV/2 as ordinate, all the curves should coincide provided 
the interactions between ions and dipolar ions at such high dielectric 
constants are completely ascribable to Coulomb forces (see Chapter 12). 
So plotted these results are given in Fig. 7. 




Glycine concentration 


NaCl concentration 


Figure 6a Figure 6b 

Figure 6a. Influence of sodium chloride on the interaction between glycine and 
cystine. 

Figure 6b. Influence of glycine on the interaction between sodium chloride and 
cystine. 


Cystine exhibits both the solvent and salting-out effects characteristic 
of salts and of proteins. Extending equation 5 for interactions at dielectric 
constant, D, other than those of water at the same temperature, Do, we 
have 

^ ^ r _ Do r if* + AiD,/D){T/2) 

Do ^ JV' '2 ~ Z» 2 1 + B{Do/D)ir/2) ^ ’ 

This is the equation” on the basis of which the curve in Fig. 7 is drawn. 

In equation 6, N is the observed solubility and N' that at thn .qamp. clvoinp pnnPAntrnfinn V»iif •mm 
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More important than this semi-empirical equation is the fact that all the 
measurements upon cystine in different salt solutions and different con- 
centrations of glycine fall on the same curve when plotted as in Fig. 7, 
and that the constants Kr and Ks have the values previously deduced 
from studies in aqueous solutions. 

Kirkwood has suggested that the magnitude of the salting-out effect 
should be determined entirely by the relation 

^irNe 6' i) - 1 
* 230SDokT a 2D -h I 

provided it depended upon the dipolar ion displacing a certain quantity of 
solvent and reducing the polarization of the solvent by the salt ion. In 
this expression b is the radius of the dipolar ions and a the sum of the radii 
of ions and dipolar ions. Taking h for glycine as 2.82 and a for cystine 


. . , ] ' . '* i’’-,'.' . ,1 j.-.-,. .‘i which the dielectric con- 

. ■■■ ''v ■ , ■ ■ . ‘ 

absence of ions plus their effect on the dielectric const I- ■ ■ ■ -r - 

Scatchard to the limiting law for small salt concentrations ■ s ■ i' ■ -■■ ■■ 

to the salt concentration. 

With these assumptions we may write the free energy of a solution containing ions and dipolar ions, at 
constant temperature and pressure, as 

F/2,dRT = ni{Fi/2mT + log Vi) + n 2 (F 2 / 2 .ZRT + log Nt) 

+ nziFz/2.ZRT + log W 3 ) - iD(i/DfKRm(T/2) 

+ iDQ/D)Ksn2(r/2) - (Dom^K* 71202/2 + iWD)Ktn2C2/2 ~ 

in which niFi is the contribution to the non-ideal free energy of the solvent without ions or dipolar ions, n 2 F 2 
is the contribution of the dipolar ions at zero concentrations of dipolar ions and salt, and Fz is the contribution 

of the ions at zero concentration of dipoh ’ - - ■ , - ’ p ^ 

of solvent, dipolar ion and ions; <72 is th' ■ ■ . . I i ; 

... J-. p* the diele' • ■ • 

.!■■■. : ■ ; ■ .are thee ■ ■ ■ ■■ ■ ■■ v o: ■ 

j.. = i ■■ " correspoi ■ r > m.- i* 

that the dielectric constant is a linear function of C 2 , or that 2) = U' SC 2 , Then 

(ifif r 


In the absence of salt 


log 4 - F,/23RT + log Ki) (§iy cj + 1 (2K% - ^ Kt) 


cf 


in which D" is the dielectric constant of the saturated solution without salt. From the fact that in the satu- 
rated solution log 02 = Ibg a® we determine the solubility as 

(f)1 + (f)’ ^0 (f)' 

- - F ^0 ir - F ^0 i - F ^ 

= rxn - K . + ric‘„ bi _ ir* i^+^i 
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and sodium chloride as 5.15 A, the value of Ks calculated by the above 
equation is 0.14, in excellent agreement with that experimentally deter- 
mined. The agreement in the case of certain other ions and dipolar ions 
is less satisfactory, indicating that other forces are also merged in the 
salting-out effect. 



Figure 7. 

Interaction be- 
tween . glycine, 
cystine and neutral 
salts in aqueous 
solutions differing 
in ionic strengtK 
and in dielectric 
constant. 


The interaction between cystine and NaCl has been studied, by the 
same authors, in the presence of a-aminobutyric acid, of the dipeptide 
diglycine and of urea. The results are reported in Table 3^^ At low 
values of the ionic strength these results may also be treated as though 
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the only effect of the dipolar ion was through its effect on the dielectric 
constant, but at higher ionic strengths the various dipolar ions have quite 


Table 3. Inteeactions of Cystine with Dipolar Ions and NaCl at 25° 


Ionic 
strength 
of elec- 
trolyte 

r /2 

Density of 
solution 

P 

Dipolar 

Solubility of Cystine 


Logarithm. 

of solu- 
bility ratio 
log N/N' 



ion 

concen- 

tration 

Moles 
per liter 
Cz 

Mole 

fraction 

N 

o 




Diglycine 5 = 70.6. 

Kg = 0,14 



0.0 

1.02446 

0.5 

0.000597 

0.0000111 

0.0 

0.0 

0.0 

0.0 

0.5 

1.04401 

0.5 

0,000663 

0.0000124 

0.345 

0.048 

0.0698 

0.140 

1.0 

1.06313 

0.5 

0.000699 

0.0000130 

0.690 

0.069 

0.1000 

0.240 

2.0 

1.10023 

0.5 

0.000731 

0.0000137 

1.380 

0.092 

0.1333 

0.413 

0.0 

1.07164 

1.4 

0.000711 

o: 0000140 

0.0 

0.0 

0.0 

0.0 

1.0 

1.10864 

1.4 

0.000740 

0.0000147 

0.443 

0.021 

0.0474 

0.187 

2.0 

1.14441 

1.4 

0.000746 

0.0000149 

0.886 

0.027 

0.0610 

0.341 



a- 

■Aminobutyric acid S — 22,6. Kg = 

0.14 



0.0 

I .01082 

0.5 

0.000475 

0.00000884 

0.0 

0.0 

0.0 

0.0 

0.2 

1.01887 

0.5 

0.000541 

0.00001007 

0.175 

0.057 

0.0852 1 

0.093 

0.5 

■ 1.03068 

0.6 

0.000550 

0.0000102 

0.437 

0.063 

0.0721 

0.142 

1.0 

1.04997 

0.6 

0.000618 

0.0000115 

0.874 

0.115 

' 0.1316 

0.272 

2.0 

1.08748 

0.5 

0.000695 

0.0000130 

1.748 

0.168 

0.1922 

0.472 

0.0 

1.02435 

1.0 

0.000461 

0.00000884 

0.0 

0.0 

0.0 

0.0 

0.5 

1 .04391 

1.0 

0.000526 

0.0000101 

0.389 

0.057 

0.0734 

0.143 

1.0 

I .08260 

1.0 

0.000563 

0.0000108 

0.777 

0.086 

0.1108 

0.251 

2.0 

1.09959 

1.0 

0,000633 

0.0000122 

1.554 

0.139 

0.1790 

0.459 

0.0 

1.03764 

. 1.6 

0.000442 

0.00000875 

0.0 

0.0 

0.0 

0.0 

0.5 

1.05665 

1,6 

0.000497 

0.00000985 

0.350 

; 0,061 

0.0730 

0,143 

0.5 

1.05660 

1.5 

0.000494 

0.00000979 

0.360 

0.049 

0.0702 

0.140 

1.0 

1.07511 

1.5 

0.000509 

0.0000101 

0.699 

0,062 

0.0888 

0,229 

2.0 

1.11158 

1.5 

0.000556 

0.0000111 

1.398 

0.103 

0.1475 

0.428 


Urea Concentration — 2.0, . 

D ~ 84.03; Concentration = 5.0, D = 

= 91.07 


0.0 

1.02852 

2.0 

0,000622 

! 0.0000119 

0.0 

0.0 

0.0 


0.1 

1.03247 

2.0 

0.000661 

0.0000126 

0,094 

0.024 

0.0257 


0.25 

1.03831 

2.0 

0.000703 

0.0000134 

0.234 

0.051 

0.0546 


0.5 

! 1.04801 

2.0 

0.000727 

0.0000130 

0.468 

0.067 

0.0717 


1.0 

1.06704 

2.0 

0.000778 

0.0000149 

0.936 

0.097 

0.1038 


0.0 

1.07385 

5.0 

0.000791 

0.0000166 

0.0 

0.0 

0.0 


0.25 

1.08312 

5.0 

0.000845 

0.0000176 

0.216 

0.018 

0.0209 


1.0 

1.11065 

5.0 

0.000952 

0.0000199 

0.862 

0.071 

0.0824 



specific effects on interactions in these three-component systems, as they 
must, since they interact differently both with the ions and the other dipolar 
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Solubility of Salts in Aqueous Solutions Containing Dipolar Ions 

The interactions between amino acids and salts that have been con- 
sidered thus far were carried out by measuring the change in solubility 
of the amino acid with salt concentration. This method, although it has 
the great advantage of simplicity of observation and interpretation has 
the disadvantage that interactions can be investigated at only one amino 
acid concentration, namely, that of the saturated aqueous solutions. A 
complete understanding of the interactions between ions and dipolar ions 
must depend upon a knowledge of the activity coefficients of both compo- 
nents at every concentration of either. 

Influence of the Salt. There are a number of other methods which 
can be employed in the investigation of the interaction between ions and 
dipolar ions. Among them are (1) measurement of the solubility of a 
difficultly soluble salt in the presence of a dipolar ion; in studies of this 
kind the concentration of the amino acid or peptide can be varied widely 
but the ionic strength is fixed; (2) in measurements of the freezing point^®; 
and (3) of the electromotive force of systems containing ions and dipolar 
ions^*^, both the concentration of the ions and dipolar ions can be varied 
widely. Studies on systems containing glycine and sodium’ or thallous* 
chloride have shown that results may be obtained with these quite different 
procedures which, as a first approximation, are in satisfactory agreement. 

The salt solubility method, which cannot be employed in the study of 
interactions between glycine and sodium chloride, since sodium chloride 
is too soluble in aqueous solution, has been used to investigate the influence 
of amino acids on the solubility of such salts as thallous chloride^^ thallous 
iodate^^ and other iodates and bromates^^’ 

Direct comparison is possible of the activity coefficients of thallous 
chloride in. systems containing glycine as estimated by both the solubility 
and electromotive force methods (Table 4), The ionic strengths at which 
all of these measurements were carried out are of necessity very low, being 
limited by the solubility of the thallous chloride. Whether estimated by 
solubility or electromotive force measurements the logarithm of the coeffi- 
cient of the salt, 73, appears to be nearly linear in the amino acid con- 
centration, m2. The value of (- log73/m2) is thus nearly constant at each 
ionic strength and is somewhat smaller the higher the ionic strength. The 
values reported from electromotive force measurements are however ap- 
preciably smaller than thqse from solubility measurements. 


^ Scatchard, G., and Prentiss. S. S., /. Am. Chem. Soc., 56, 2314 (1934), 
f Joseph, N. R., J. Biol. Chem., Ill, 479, 489 (1935). 

^ Failey, C. F., J, Am. Chem. Soc., 54 676 (1932). 
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The interactions between glycine and thallous chloride have also been 
studied at two temperatures by the electromotive force method at the 


Table 4. Comparison op Interactions of Dipolar Ions with TlCl Estimated 
Respectively by EMF and Solubility Measurements 


Electrolyte 

Electrolyte 

coacentration 

Amino acid 
concentration 

Activity coefficient of 
electrolyte 
—log 73 

—log yi/nti 

Glycine 

Solubility measurements (1). -log 7 = log ms/ma® (m3® ^ 

0.01617) 

TlCl 

0.01623 

1 0.01 

0.0017 

1 0.170 

at 25° 

0.01634 

0.03 

0.0047 

0.156 


0.01648 

0.05 

0.0083 

0.166 


0.01678 

0.10 

0,0162 

0.162 


0.01745 

0.20 

0.0331 

0.166 


EMF measurements (2). -logy ~ -log 73/73® 


TlCl 

0.005 

0.10 

0.011 

0.110 

at 25° 


0.20 

0.021 

0.105 



0.40 

, 0.041 

0.103 



1.00 

0.108 

0.108 


0.015 

0.10 

0.009 

0.090 



0.20 

0.017 

0.085 



0.50 

0.047 

0.094 



1.00 

0.091 

0.091 



2.00 

0.179 

0.090 

TlCl 

0.005 

0.20 

0.030 

0.150 

at 1° 


0,40 

0.060 

0.150 



0.60 

0.091 

0.151 



1.00 

0.148 

0.148 

Alanine 

TlCl 

0.005 

0.20 

0,015 

0.075 

at 1° 


0.40 

0.031 

0.078 



1.00 

0.067 

0.067 


oi’Aminohutyric acid 


TlCl 
at 1° 

0,005 

0.40 

0.60 

coco 

CM CO 

00 

00 

0.058 

0.055 



dl-Valiy,e 



TlCl 
at 1° 

0.005 

0.20 

0.40 

0.005 

0.011 

0.025 

0.028 

(1) Failey, C. K, Am. Chem. Soc., 54, 576 (1932), 

(2) Joseph, N. R., J. Bvol Chem., Ill, 489 (1935). 

/ <* 1 

' T Tin 


'p 
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same temperature ( 20 ) demonstrate that, as a first approximation, glycine 
has a somewhat similar influence on the activity coeflicients of these 
two salts of the same valence type, though the limiting slope (- log 
for sodium chloride, 0.14, (see equation 9) is slightly smaller. Whereas 
these two chlorides have very nearly the same interaction constants, the 
solubility of thallous iodate is increased by glycine to a far greater extent 
than is that of thallous chloride (Table 5). The higher solvent action 
upon the iodate, although related in part to the lower ionic strengths in 
these systems, would appear to reflect also the specific properties of the 
anions. La Mer and Goldman^^ have reported a very large effect of ethyl 
alcohol on the solubility of thallous iodate. 

In the most recent studies of the influence of dipolar ions upon difficultly 
soluble salts^^' the anions were iodates and bromates. Cations, with 
effects of two kinds were considered. Barium and calcium iodate and 
barium bromate had the higher interaction constants to be expected from 
their higher valence. The observed increases in solubility (Table 6 ), like 
those in Tables 4 and 5, are closely linear in the concentration, the ratio 
- log 73/^2 increasing with decreasing concentration and being more than 
twice as great as for thallous chloride, but not for thallous iodate. 

In the studies of the interactions of glycine and alanine with silver 
and lead iodates, however, the relations are more complex, and Keefer 
and Reiber have presented evidence of the formation of new compounds. 
This study thus reflects another kind of phenomenon, which also plays a 
great role in protein chemistry^® and which cannot completely be accounted 
for in terms of electrostatic interactions. 

Influence of the Dipolar Ions. The influence of amino acids of different 
types on difficultly soluble salts has been investigated both by the solu- 
bility and the EMF method, The latter results upon alanine, a-amino- 
butyric acid and dZ-valine are collected in Table 4, the former in Tables 
5 and 6 . The values of the limiting slopes are in every case smaller 
the longer the paraffin side chain of the amino acid. 

Smaller than the effect of any of the amino acids is that of the anhydride, 
diketopiperazine (Table 5). Its effebt upon both thallous chloride and 
thallous iodate has been investigated and is of the order that might have 
been expected from its solubility in non-polar solvents and its low electrical 
moment. Conversely, glycylglycine, with its Higher moments, gives a 
far greater solvent action than a-amino acids. The results with /3-alanine 
are less clear. 

The influences of these dipolar ions upon thallous iodates are graphically 

9 



Table 5. Interactions of Dipolar Ions with TlCl,* and TllOa* at 25^ 


Dipolar ion 

Dipolar 

ion 

concen- 

tration 

Ci 

Ionic 
strength 
of electro- 
lyte 

r /2 « Cs 

Activity 
coefficient 
of electro- 
lyte 

“log 73t 

“log yz/Ct 

TlCl 

Glycine 

0.2 

0.01725 

0.0296 

0.148 

a-Alanine 

0.2 

0.01703 

0.0240 

0.120 

a-Amino-Ti-butyric acid. 

0.1 

0.01648 

0.0098 

0.098 


0.2 

0.01688 

0.0203 

0.102 

a-Amindisobutyric acid 

0.2 

0.01679 

0.0180 

0.090 

a-Amino-n-valeric acid 

0.1 

0.01627 

0.0042 

0.042 


0.2 

0.01633 

0.0059 

0.030 

Urea 

0.2 ^ 

0.01642 

0.0082 

0.041 

Diketopiperazine 

0.1 

0.01604 

“0.0019 

“0.019 

Crlycylglycine 

0,2 

0,01835 

0.0566 

0,280 

TlIOz 

Glycine 

0.025 

0.001875 

0.0076 

0.300 


0.05 

0.001907 

0.0149 

.0.298 


0.10 

0.001971 

0.0292 

0.292 


0.15 

0.002033 

0.0423 

0.282 


0.20 

0.002098 

0,0563 

0.282 

a- Alanine 

0.025 

0.001872 

0.0068 

0.272 


0.05 

0.001907 

0.0149 

0.298 


0.10 

0.001963 

0.0275' 

0.275 


0.20 

0.002084 

0.0534 

0.267 

Sarcosine 

0.05 

0.001880 

0.0087 

0.174 


0.10 

0.001917 

0,0171 

0.171 


0.15 

0.001954 

0.0254 

0.169 


0.20 

0.001993 

0.0341 

0.170 

Dimethylglycine 

0.025 

0.001859 

0.0038 

0.152 


0.05 

0.001873 

0.0070 

0.140 


0.10 

0.001901 

0.0135 

0.135 


0.20 

0.001957 

0.0261 

0.131 

a-Amino-n-butyric acid 

0.10 

0.001906 

0.0146 

0,146 


0.20 

0.001971 

0,0292 

0.146 

a-Aminoisobutyric acid 

0.06 

0.001874 

0.0072 

0.144 


0.10 

0.001901 

0.0135 

0.135 


0.15 

0.001934 

>‘0.0210 

0,140 


0.20 

0.001956 

0.0258 

0.129 

cr-Anaino-n-valeric acid 

0.10 

: 0.001895 

0.0122 

0.122 


0.20 

. 0.001939 

0.0221 

0.111 

Urea 

0.025 

0.001845 

0.0005 

0.020 


0.05 

0.001861 

0.0019 

0.038 


0.10 

0.001861 

0.0042 

0.042 


0.15 

0.001876 

0.0077 

0.051 


0.20 

0.001891 

0.0112 

0.056 

Diketopiperazine 

0.10 

0.001844 

0.0002 

0.002 

jS-Alanine 

0.025 

0.001863 

0.0047 

0.188 


0.05 

0.001884 

0.0096 

0.192 


0.10 

0.001919 

0.0175 

" 0.175 
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represented in Fig. 8 , amino acid concentrations and solubilities being 
giyen as moles per liter. Less readily compared with the electromotive 
force measurements than the results upon thallous chloride in Table 4 
these studies upon interactions with thallous iodate illustrate ( 1 ) the closely 
linear relation between - log 73 and concentration at very low ionic 
strengths, as well as the profound influence of ( 2 ) non-polar groups in 
diminishing and (3) of the dipole moment in increasing the interactions 
between ions and dipolar ions. 



Figure 8. 1, Glycylglycine; 2, glycine; 3, jS-alanine; 4, a-alanine; 5, sarcosine; 
6, a-amino-n-butyric acid; 7, climothyl glycine; 8, a-aminoisobutyric acid; 9, a-amino-. 
n-valeric acid; 10, urea. From I’. I'ldley. J. Am. Chem. Soc.y 55, 4374 (1933). 

^ Freezing Point and EMF Measurements in Aqueous Salt Solutions Con- 
taining Dipolar Ions 

Freeziner noint and EMF measurements upon systems containing both 
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Table 6. Solubility of Amino AaDS in Ba(I03)2, Ca(I03)2, Ba(Br03)2, AglOs 

ANB Pb(I03)2 


Amino acid 

Electrolyte 



concentration. 

concentration 

—log 73 

—log 78/W2 

m 2 

mt 




Glycine in 


0,0 

0.000811 

0.0 


0,0251 

0.000831 

0.0106 

0.422 

0,0503 

0,000851 

0.0209 

0.416 

0.0755 

0.000871 

0.0310 

0.411 

0.1008 

0.000895 , 

0.0428 

0.425 

0.1990 

0.000977 

0.0809 

0.406 

0.8175 

0.001562 

0.2819 

0.345 


Glycine in Ca{I0z)t 


0.0 

0.00786 

0.0 


0.0251 

0.00806 

0.0109 

0.434 

0,0503 

0.00823 

0.0200 

0.398 

0.0755 

0.00849 

0.0335 

0.444 

0,1008 

0.00865 

0.0416 

0.413 

0,2009 

0.00951 

0,0828 

0.412 

0,4055 

0.01111 

0.1503 

0.371 

0.6140 

0.01297 

0.2176 

0.354 

0,8261 

0.01495 

0.2793 

0.338 


Glycine in Ba(BrOz )2 


0.0 

0.02008 

0.0 


0.0251 

0.02046 

0.0079 

0.316 

0.0503 

0.02081 

0.0155 

0.308 

0.0755 

0.02113 

0.0221 

0.293 

0.1008 

0.02150 

0.0296 

0.294 


Glycine in AgIOz 


0.0 

0.0001794 

0.0 


0.02510 

. 0.0001859 

0.0154 

0.614 

0.03768 

0.0001880 

0.0203 

0.539 

0.05026 

0.0001916 

0,0284 

0.566 

0.07536 

0.0001971 

0.0408 

0,541 

0.08234 

0.0001979 

0.0426 

0.517 

0.10075 

0.0002020 

0.0515 

0.511 

0.1238 

0.0002082 

0.0646 

0.522 

0,1654 

0.0002181 

0.0848 

0.513 

0.2042 

0.0002223 

0.0931 

0.466 


Olycine in P5 (703)2 

(Sample 1)* 


0.0 

0.0000534 

0.0 


0.00502 

0.0000547 

0.0105 

2.092 

0,01003 

0.0000563 

0.0230 

2.293 

0.01505 

0.0000565 

0.0345 

2.292 

0.02510 

0.0000615 

0.0614 

2.446 

0.05026 

0.0000640 

0.0787 

1.566 

0.08052 

0.0000675 

0.1018 

1.264 

0.10074 

0.0000751 

0.1481 

1.470 

0.1210 

0.0000770 

0.1590 

1.314 

0.2023 

0.0000941 

0.2461 

1.216 



(Sample 


0.0 

0.0000361 

0,0 


0.0249 

0.0000405 

0.0500 

2.008 

0.0499 

0.0000445 

0.0909 

1.822 

0.0749 

0.0000481 

0.1246 

1.664 

0.1000 

0.0000509 

0.r492 

1.492 
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Table 6 (Continued).— Solubility op Amino Acids in Ba(I03)2, CadOs)^, 
Ba(Br03)2, AglOs, and PbCIOs)^ 


Amino acid 

Electrolyte 



:oncentration 

concentration 

—log 73 

—log yz/m 2 

m 2 

m 2 




Alanine 

in Ba (103)2 


0.0 

0.000811 

0.0 


0.0251 

0.000829 

0.0096 

0.382 

0.0503 

0.000843 

0.0168 

0.334 

0.0755 

0.000858 

0.0245 

0.325 

0.1008 

0.000876 

0.0335 

0.332 


Alanine 

in Ca{IOz)2 


0.0 

0.00786 

0.0 


0.0251 

0.00800 

0.0077 

0.307 

0.0503 

0.00814 

0.0152 

0.302 

0.0755 

0.00829. 

0.0232 

0.307 

0.1008 

0,00845 

0.0315 

0.313 


Alanine in AgIOz 


0.0 

0.0001794 

0.0 


0.02511 

0.0001892 

0.0231 

0.920 

0.03740 

0.0001924 

0.0303 

0.810 

0,05616 

0.0002001 

0.0473 

0.842 

0.07557 

0.0002064 

0.0608 

0.805 

0.10092 

0.0002155 

0.0795 

0.788 


Alanine in Pb{IOz)2 {Sample 1 )* 


0.0 

0.0000534 

0.0 


0.01081 

0.0000556 

0.0176 

1.628' 

0.01521 

0.0000565 

0.0245 

1.611 

0.02163 

0.0000569 

0.0276 

1.276 

0.02704 

0.0000608 

0.0564 

2.086 

0.05419 

0.0000630 

0.0718 

1.325 

0.08142 

0.0000717 

0.1280 

1.572 



{Sample ^)* 


0.0 

0.0000361 

0.0 


0.0248 

0.0000405 

0,0500 

2.016 

0.0495 

0.0000466 

0.1109 

2.240 

0.075 

0.0000506 

0.1467 

1.956.. 

0.100 

0.0000557 

0.1884 

1.884 


chloride and these systems have also been investigated at closely the same 
temperature by the electromotive force method in cells without liquid 
junction (reference 20, Table 4). Comparison of these results can be 
made in a number of ways and is facilitated by the graphical representation 
of the data in Fig. 9. 

Decrease in Activity Coefficient of the Salt. The results as here plotted 
give the effect of the glycine, m 2 , on the activity coefficients of the sodium 
chloride, 73 . The latter are related to EMF measurements by the relation 


. 1 


r\ -i f\cir\ t AO 
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chloride (increases the value of - log 73). This is the reciprocal of the 
relation noted on the basis of solubility measurements with amino acids 
as saturating bodies, namely, that low concentrations of sodium chloride 
diminish the activity coefficients of glycine and certain other dipolar ions, 
such as asparagine and cystine, though not of leucine, which is salted-out 
by even low concentrations of sodium chloride. The salting-out effect is 
illustrated also in Fig. 9, however, for at the higher ionic strengths and 
glycine concentrations there is pronounced deviation from the linear 



Figure 9. Influence of glycine upon dilute NaCl at 1.4°. From Joseph, N. R. 
/. Btol. Chem., Ill, 489 (1935). 

relation illustrated in Fig. 8; the value of — log 73 of the salt being smaller 
the higher the ionic strength. 

The freezing point measurements have been carried out over a wide 
range both of glycine and sodium chloride concentrations. Sodium 
chloride concentrations up to 1 molal and glycine concentrations up to 2 
molal have been investigated. The results are expressed as the osmotic 
coefficient in the form of equation 32 of Chapter 3. This and equation 
31 of that chapter give the activity coefficient of the salt as: 
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This equation computed for zero, half and molal sodium chloride yields the 
activity coefficients of sodium chloride in the presence of glycine, in the 
following relations: 

When TOs = 0, log 73/73 = -0.14173^2 + 0.03234m2 (10) 

m 3 = 0.5, log 73/73 = -0.04764m2 - 0 . 00002 m 2 (11) 

m 3 = 1.0, log 73/73 = -0.01528m2 - 0.01343mi ( 12 ) 

in which 7 ° is the activity coefficient of the salt at the same salt concentra- 
tion but in the absence of glycine. The equations are valid within the 
range of the freezing point measurements, that is to say, for values of 
{m 2 + smaller than 2 . They show that increase of salt concentra- 
tion decreases rapidly the effect of glycine on the activity coefficient of the 



Figure 10. Influence of amino acids upon concentrated NaCl at 25®. From 
Joseph, N. R., /, Biol, Chem,, 111, 489 (1936). 


salt. In dilute salt solutions, increase of the glycine concentration also 
decreases the effect. 

Increase in Activity Coefficient of the Salt. The EMF measurements 
at 1.4° in the range of glycine concentrations to 0.5 and salt concentrations 
to 0.1 molal, are graphically represented in Fig. 9 and may be expressed 
by equation 9. EMF measurements carried out at 25°, where they could 
more conveniently be compared with solubility measurements, extend to 
concentrations of 1 molal amino acid and 4 molal salt (20). These are 
graphically represented in Fig. 10. Glycine, alanine, valine, a-amino- 

Knf.vrin Qpid a-nri Ickiinino hotro Koon ofnrltck<4 in f.hTQ T'ViA rp.Qlllfs 
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for glycine and greater with increasing length of the paraffin side chain, 
and is related to the salting-out phenomenon. 

Increase in Activity Coefficient of Dipolar Ions. In estimating the 
activity coefficients of amino acids from their effects on the activity coeffi- 
cients of salts one may employ a relation derived by Bjerrum^^ according 
to which “in any system the activity coefficients of all components must 
satisfy equations of the form 


d In ^ din yje 
dnik dny 


(13) 


“This equation follows from the definition of activity coefficients and 
from the identities 


d^F ^ ^ ^ 
dnydmk drUk " dm. 


(14) 


where F is the free energy, and Fj and Fk are the partial molal free energies 
of the components j and k. 


Table 7. Values op (9 loo 72 / 9 ^ 3 ) at High Concentkation of 
Sodium Chloride* 


Bipolar ion 


Calculated from 


EMF 

Solubility 

measure- 

measure- 

ments 

ments 

0.02 

0.02 

0.035 

0.00 (1) 

0.04 (2) 

0.09 

0.12 

0.09 (1) 


data. 


For the case in which the component j is a strong electrolyte disso- 
dating into v ions, equation 13 becomes 


Bnik dm,- 


(IS) 


where y,- is the mean activity coeiEcient of the ions. 

“For the case of three-component systems of the type studied in this 
paper,, we may state this equation in the form 



d log 73 . 

V - . dms 


dm2 


(16) 


^ “Here 72 denotes the activity coefficient of amino acid in the mixed solu- 

4-'U«4. X i • 21 . , , , . 
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and m3, log 72/72 can be evaluated”^®' '^81-^82^ Estimates of the salting^ 
out of the amino acid by sodium chloride (—log y 2 /^ 13 ) derived from EMF 
measurements are compared in Table 7 with estimates from solubility 
measurements. As a first approximation these results may be considered 
quite satisfactory and may be compared with the values in Table 8 of the 
salting-out constant, Ks^ calculated by means of equation 7. 


Table 8. Calculations Based on the Radii op Alkali Halides and Dipolar Ions 


Alkali 

halide 

Dipolar ions 

Radii of 
dipolar 
ions esti- 
mated as 
spheres 
bd 

Radii of 
ions esti- 
mated as 
spheres 
bi 

Sum of 
radii of 
ions and 
dipolar 
ions 
a 

OMS/a 

K, 

LiCl 

Glycine 

A . 
2.82 

A 

1.082 

A 

3.90 

0.0321 


NaCl 

Glycine 

2.82 

1.231 

4.05 

0.0309 

0.064 

KCl 

Glycine 

2.82 

1.381 

4.20 

0.0298 

' 

LiBr 

Glycine 

2.82 

1.138 

3.96 

0.0316 


NaBr 

Glycine 

2.82 

1.288 

4.11 

0.0304 


KBr 

Glycine 

2.82 

1.438 

4.26 

0.0293 


Lil 

Glycine 

2.82 

1.221 

4.04 

0.0309 


Nal 

Glycine 

2.82 

1.370 

4.19 

0.0298 


KI 

Glycine 

2.82 

1.520 

4.34 

0.0288 


NaCl 

Q!-Alanine 

3.08 

1.231 

4.31 

0.0290 

0.078 

NaCl 

a-Aminobutyric acid 

3.29 

1.231 

4.52 

0.0277 

0.091 

NaCl 

a-Aminovaleric acid 

3.46 

1.231 

4.69 

0.0267 

0.100 

NaCl 

a-Aminocaproic acid 

3.63 

1,231 

4.86 

0.0257 

0.110 


Decrease in Activity Coefficient of Dipolar Ions. Solubility measure- 
ments revealed that glycine was dissolved, but leucine salted-out, in dilute 
sodium chloride solutions (Fig. 1). The salting-out constant for glycine 
in dilute sodium chloride could therefore only be calculated by difference 
from the expected salting-in in dilute sodium chloride. The change in 
electromotive force and freezing point measurements in Fig. 9 indicate 
salting-in of glycine by sodium chloride. The Bjerrum relation or the use 
of equations 27 and 26 of Chapter 3 such as yielded equation 9, may be 
employed to calculate from these measurements the activity coefficient of 
glycine in sodium chloride.^®' 

Sodium Chloride ahd Glycine. The same measurements that give equa- 
tions 9 to 12 yield for the activity coefficients of the glycine in the presence 
of sodium chloride: 

log 72 = (-0.28346ma 4- 0.32363m^'‘“ - 0.24875ms + 0.10599m§'^) 

( 17 ) 

4- ( -0.09911 -I- 0.12935m. - 0.12205m®'''“)m2 + 0.01584m? 
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If we compute the activity coefBcients of the glycine at fixed glycine con- 
centrations we have relations for glycine activity coefficients in the pres- 
ence of sodium chloride comparable to those given above for sodium 
chloride in the presence of glycine. 



When 

m 2 « 0, 

log 72/72 = -0.28346m3 + 0.32363mf* - 0.24875m3 + O.lOSQgmf’* 

m 2 = 1, 

log 72 / 72 “ = -0.15411m3 + 0.20158m|^“ - 0.24875m3 + 0.10599wi3'“ 

m 2 = 2j 

I /-.o ' o 070C:<?ov.?/2 _ n 9487.p;«,? a. n inKQQm! “ 
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sodium chloride is decreased. However measured, the interaction of ions 
and dipolar tons is decreased by increasing the concentration of either. 

These relations in terms of the activity coefficients of the dipolar ion 
are graphically represented in Fig. 11a, which may be compared on the 
one hand with Fig. 9, on the other with Fig. 11b, representing the influ- 



NaCl Concentration 

Fig. 11b. Influence of amino acids on interaction between sodium chloride and 
cystine. 

ence of glycine on the interaction of another dipolar ion, cystine, and 
sodium chloride. Whether the increased concentration of the glycine is in^ 
fluencing its own interaction with sodium chloride or that cf cystine the effect 
is that increase of concentration of dipolar ions reduces the interactions 
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measurements of less soluble amino acids, such as asparagine and cystine. 
The measurements of Scatchard and Prentiss (19) estimated for low gly- 
cine concentrations may, however, be so compared and values extrapolated 
for zero glycine (rrh = 0) are given in Table 9 and are graphically repre- 
sented in Fig. 11a. 

Potassium Chloride and Glycine. Measurements of the electromotive 
force of concentration cells with transference, together with accurate trans- 
ference data, have been used by Roberts and Kirkwood^° to estimate the 
activity of glycine in aqueous potassium chloride solutions. 


Table 9. Activity Coefficients of Glycine (m 2 ) in Sodium Chloride (ms) 

Sodium chloride 



Moles 

Moles per’ 


—log 72 / 72 ° 4* 

—log 72 / 72 ° 


per liter 

Cl = r /2 

1000 gm . 

—log 72 / 72 '’ 

0,064 r /2 

mz 


mz 

2»2==0 




0.0499 

0.05 

0.0111 

0.0143 

0.222 


0.0997 

0.1 

0.0206 

0.0270 

0.206 


0.1991 

0.2 

0.0358 

0.0485 

0.179 


0.3967 

0.4 

0.0606 

0,0860 

0.152 


0.5930 

0.6 

0.0797 

0.1177 

0.133 


0,7879 

0.8 

0.0937 

0.1441 

0.117 


0.9816 

1.0 

0.1026 

0.2008 

0.103 


Table 10. 

Values of 

(-3 LOG 72 / 3 J/ 2 ) in Dilute 

Solution 



Molality 


a-Amino- 

, 

NaCl... 


of elec- 
trolyte 

Leucine 

butyric 

Valine acid 

Alanine Glycine 


.... 0,01 

-0.09“ 


0.2JiP^ 

TICP... 


.... 0.005 


0.06 0.11 

0.16 0.22^ 






0.30 

CaCb... 


.... 0.01 

0.04“ 


0.30® 


ZnOU^ 0,01 


0.14 

O.U 


0.14 

0,U 


0.15 

0J6 


0.25 

0,26 


0.32 

0,33 


of 2^othe/fi^ri (1935)]. Figures which, are italicized refer to a temperature 

.1 ./ pAl/siol. CAcm., 97, 128 (1916)]. 


® Amino acid solubilitj 
° EMF measurements 


(1930^^^^^ measurements, Scatchard, G.. and Prentiss, S. S., J, Am, Chem, Soc,, 56, 1486 and 2314 
Failey’s [ J. Am, Ohem. Soc., 55, 4374 (1933)} value from TlCl solubility is 0.32 for saturated TlCl at 26®: 

Tn*s r.2’~rc«‘ ' 

, ^ I' . ' . Angern [Z. physiol Chem., 135, 16 (1924)] 

'l ;! ■ : ' . ' ■■ ■' ■ I I , ‘ - ■ . : ■ ■ .. (Joseph). It is significant only to about 

f the same valence type. 


For low glycine concentrations they give the activity coelEcients of the 
glycine at ionic strengths varying from 0.05 to 0.50 by the relation 

log 72 = -0.1789m3 - 0.06278m3 + 0.1635mf“ (21) 

a,nd the limiting slope -log y^/nii as -0.18 or appreciably lower than the 
limiting slopes for the interaction of glycine and sodium chloride in dilute 

fl.mipmis snliitinu Thi.ci pmnm.risnn tyirv Kp mfl.rlp wit.h iViP vfl.liiP.q in 
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glycine and valine have also been studied by the electromotive force 
method^^ The results graphically represented in Fig. 12 represent the in- 
fluence of varying concentrations of these amino acids upon varying con- 



Figure 12. Influence of glycine and valine on ZnCh at 1°. From Joseph, N. R., 
J. Biol. Chem,, 111, 479 (1935) . 


Table 11. Activity Coefficients of Glycine and Valine in Zinc Chloride 
Solutions at 1° Calculated from EMF Measurements^ 



Amino 

Ionic 





acid 

concen- 

tration 

strength 
of elec- 
trolyte 

^-log ya / rsp '^ 

(—log ya / yaP ) 

log ya / yjP '^ 

Amino acid 

ms 

1/2 » 3 m 




Glycine 

0.6 

0.03 

0.322 

0.011 

0.367 

1.0 

0.03 

0.322 

0.011 

0:367 


0.6 

0.3 

0.202 

0.077 

0.257 


1.0 

0.3 

0.201 

0.077 

0.257 


0.5 

1.5 

0.130 

0.246 

0.164 


1.0 

1.5 

0.129 

0.246 

0.164 

Valine 

0.2 

0.03 

0.140 

0.004 

0.133 


0.4 

0.03 

0.138 

0.004 

0.133 


0.2 

0.3 

0.115 

0.038 

0.127 


0.4 

0.3 

0.113 

0.038 

0.127 


0.2 

1.5 

0.085 

0.163 

0.102 


0.4 

1,6 

0,085 

0.163 

0.102 


I Joseph, N. B,., J . Biol . Chem ., Ill, 479 (1935). 


centrations of the zinc chloride. Throughout the range investigated the 



266 


PROTEINS, AMINO ACIDS AND PEPTIDES 


Interactions between Ions and Dipolar Ions in Alcohol-Water Mixtures 

Glycine and Sodium Chloride. Assuming decrease in activity coeffi- 
cients with increase in ionic strength to depend upon Coulomb forces we 
should expect these effects to become greater the lower the dielectric con- 
stant. Moreover, according to equations of the type thus far deduced, 
the salting-out effect^’ ^ should become less and less important the lower 



Figure 13. Activity coefficients of glycine in aqueous sodium chloride. 

^ , 1 . S == ® 

Calculated from Scatchard (Table 9); Scatchard and Prentiss. 

the dielectric constant. Studies upon the solubility of glycine in ethanol- 
water mixtures indicate that the salting-out effect does become less im- 
portant and the influence of the dinole TnoTnent mnrp iTnnnrf.ft-nt. la-rrror 
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ments in 80% ethanof \ Since the former were obtained by extrapolation 
to zero glycine concentration, the dielectric constant of the solution, D, 
must be considered equal to that of the standard state, Do, for these 
measurements. In 80% ethanol the ratio Do/D is over 2, and but little 
greater if we consider the dielectric constant to be that of the pure solvent 
rather than of the solution, which in all but one of these measurements 
was less than twentieth molal with respect to glycine. The quantity 
(Do/D)(r/2) is plotted in Fig. 13 against D/Do (- log y) both with D 

Table 12. Solubility op Glycine in 80% Ethanol Solutions Containing 

Various Alkali Haijdbs 


Ionic 

strength 

of 

solvent 

V'/l 

Density of 
solution 
p 

Ionic 

strength 

of 

solution 

r/2 

Solubility 

i PhIm 
0 

1 tnh 

Log of 
solubility 
ratio 
log N/N' 

s 

qIq 

hO 

Moles 

per 

liter 

C 

Mole 

fraction 

N 

Glycine in Salt-free 80% Ethanol Solution 

0.0 

0.85611 

0.0 

0.0267 

0.00102 

0.0 

0.0 

0.0 

0.0 

0.0 

Glycine in NaCl Solution 

0.050 

0.85824 

0.0498 

0.0313 

0.00119 

0.110 

0.107 

0.067 

0.031 

0.031 

0.100 

0.86033 

0.099 

0.0361 

0.00138 

0.219 

0.214 

0.129 

0.059 

0.060 

0.149 

0.86250 

0.149 

0.0410 

0.00156 

0.328 

0.319 

0.184 

0.084 

0.086 



0.15 

0.0400 

0.00153 

0.330 

0.322 

0.177 

0.081 

0.083 

0.248 

0.86664 

0.247 

0.0514 

0.00195 

0.544 

0.527 

0.282 

0.128 

0.133 



0.25 

0.0497 

0.00190 

0.550 

0.533 

0.272 

0.124 

0.127 

Glycine in KOI Solution 

0.050 

0.85873 

0.0498 

0.0314 

0.00120 

0.110 

0.107 

0.068 

0.031 1 

0.032 

0.150 

0.86380 

0.1492 

0.0408 

1 0.00156 

0.328 

0.320 

0.183 

0.083 

0.086 

Glycine in LiCl Solution 

0.100 

0.85944 

0.1002 

0.0344 

0.00131 

0.220 

0.216 

0.108 

0.049 

0.050 

0.249 

0.86407 

0.2487 

0.0449 

•0.00170 

0.547 

0.532 

0.221 

0.101 

0.103 

Glycine in KI Solution 

0.100 

0.86898 

0.0997 

0.0347 

0.00132 

0.219 

0.215 

0.112 

0.051 

0.052 

0.250 

0.88822 

0.2492 

0.0460 

0.00176 

0.548 

0.533 

0.235 

0.107 

0.110 


representing the dielectric constant of the solution and of the pure sol- 
vent, D', On the latter assumption the estimated activity coefficients due 
to Coulomb forces are slightly greater, but on both assumptions they are 
very much greater than in aqueous solution, even though this method of 
graphical representation should take into account those changes in Cou- 
lomb forces with change in the dielectric constant to be expected from 
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tion 6, we could compute values of Ks (1) from the theory, or (2) from the 
data in water and in 80% ethanol provided we assumed the constants on 
the right-hand side of this equation to be the same in water and in ethanol- 
water mixtures. 

. Let us first compute Ka for glycine and sodium chloride from equation 7. 
Taking b for glycine as 2.82 A and a for glycine in sodium chloride at 
4.05 A (reference 32, Table 4), the value of Ks calculated is 0,064. The 
limiting slope, Zj?, given by equation 18 is -0.283, and (Kr - Ks) should 
on this basis be -0.347. Values of -log y -{- Ks{T/2) at finite ionic 
strengths may be computed from Table 9. The resulting sums, at the same 
values of {Dq/D){T/2), are actually smaller than the values of (D/Do) 
log N /No obtained for glycine in 80% ethanol containing sodium chloride. 
The difference between the limiting slopes for this interaction in water and 
80% ethanol, approximately 0.08, is however of the same order as the 
value of Ks calculated from equation 7. 

According to equation 7 the value of Ks should diminish with diminution 
of the dielectric constant. Thus the value of Ka for glycine in sodium 
chloride should diminish from 0.064 in water to 0.062 in 80% ethanol. 
Assuming the dielectric constant of the cavity within the dipolar ion to be 
greater than unity, and to have the value x, the last term in equation 7 
becomes (D - x)/(2D + 1), and Ks would be 0.061 in water and 0.055 
in 80% ethanol for a; = 5, and 0.056 in water and 0.046 in 80% ethanol 
for X = 10, Even assuming so high a value as 10 for the dielectric of the 
cavity does not therefore yield a sufficiently large effect to reconcile the 
observed activity coefficients of glycine in sodium chloride in water and 
in 80% ethanol, since the difference in limiting slopes to be accounted for 
is, as we have seen, 0.08, and the expected difference in Ks from equation 7 
is 0.01. 

If this effect is almost negligible, the calculation of Kg from the activity 
coefficients of glycine in sodium chloride in these two solvents, on the 
assumption that as a first approximation it is not sensibly affected by 
change in dielectric, leads to a more improbable result. Calculating values 
of --log 72 for glycine in aqueous sodium chloride, by means of equation 
17 or 18, at ionic strengths equal to the values of (Do/D)(r/2) of the 
sodium chloride in the ethanol-water mixtures, we have 

Ka - ( (D/Dq) log 72 ethanol-watef \ 

\ r/2i^ater *“ T/2etHanol -water / 

Taking D as the dielectric constant of the pure solvent, Ka becomes 0.18, 
or taking: D as the dielectric' constant of the solution, 0.19. On either 
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of sodium chloride with glycine than with the far larger cystine molecule 
for which Ks equals 0.14. The activity coeflScient giving the interaction 
of sodium chloride and asparagine is, as we have seen, far closer to unity 
than should have been expected on the basis of the size of this dipolar ion. 
Included in the salting-out effect would appear to be forces which reflect 
not only the volume of the dipolar ion but also forces between its polar 
and non-polar groups and the surrounding ions and solvent dipoles. 
The simplest assumption that can be made is that at sufl&ciently high 
concentration of ethanol in the solvent the salting-out constant becomes 
negligible^^’ and the activity coeflScients approximate more closely 
the expectation from Coulomb^s forces. 

Glycine and other Alkali Halides. The solvent action of various alkali 
halides upon glycine, as well as upon most other amino acids, is greater 
for lithium chloride than for sodium chloride, and for sodium chloride 
than for potassium chloride. These observations are in accord with the 
theory that the limiting slope, -log y/C, as well as the curvature, should 
fall off with increase in the value of a; the sum of the radii of the ions and 
the dipolar ions. Values for the sum of the radii of glycine and alkali 
halides computed from the radii of salt studied by Pauling®^ are listed in 
Table 8. 

Potassium chloride is far less soluble in ethanol-water mixtures than 
sodium chloride, and lithium chloride far more soluble, and these differ- 
ences in solubility presumably reflect interactions between ethanol and 
the alkali halides. If these ate taken into account it is perhaps not sur- 
prising that the interactions between amino acids and alkali halides in 
ethanol-water mixtures are not in the same order as in aqueous solutions. 
The solubility ratios of glycine in 80% ethanol containing sodium chloride 
and potassium chloride are the same within the limits of error of present 
measurements. Lithium’ chloride, which has a larger solvent action in 
water has a smaller solvent action in 80% ethanol than either of these 
salts, and this observation^^ suggests that forces other than those that 
obtain in aqueous solutions must be taken into account in these mixed 
solvents (Fig. 14). 

On the basis of the sum of the radii listed in Table 8 the interaction of 
glycine with potassium iodide should be the smallest among these alkali 
halides. The measurements upon the interaction of glycine and potas- 
sium iodide that have been carried out are in agreement with this expecta- 
tion, the solubilities being smaller at a given concentration of this salt 
than at the same concentration of lithium chloride or of potassium, or 

<sn/^inTYi pUlnrirlA 
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Glycine and Lithintii Chloride. Not only is glycine more soluble in 
aqueous solutions of lithium chloride than in the other alkali halides that 
have thus far been studied, but lithium chloride is more soluble in ethanol- 
water mixtures. The interactions between glycine and lithium chloride 
have been studied both in water and in ethanol-water mixtures containing 
as much as 95% alcohol. The solubility of glycine, in the neighborhood of 
3,0 moles per liter in aqueous solution, does not exceed 0.005 mole per liter 
in 95% ethanol containing the largest amount of lithium chloride studied. 
Whereas the dielectric constants of its aqueous solutions thus greatly ex- 
ceed that of pure water, the dielectric constant of solvent and solution 
can be considered identical in 95% ethanol, and the solubility ratios in 
this solvent can be considered activity coefficient ratios. 



Figure 14, Interaction of glycine and alkali halides in ethanol -water mixtures. 

When the measurements upon glycine in ethanol-water mixtures varying 
from 60 to 95%, containing lithium chloride, given in Table 13 are plotted 
in the same manner as those in 80% ethanol containing sodium chloride, 
(Fig. 15), the dielectric constant being taken as that of the pure solvent, D\ 
the interactions between ion and dipolar ion, as judged by the value of 
(D'/Do) log N/N' at the same value of {Do/D'){T/2), would appear to be 
greater the lower the dielectric constant. If, however, the dielectric con- 
stant is taken as that of the solution, JD, then since D is greater than 2)' 
in the solutions containing more water and in which the glycine is more 
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17), indicate that this is a fair first approximation. The results in 
Table 13 are represented graphically in this way in Fig. 15. Estimates of 
the interaction between glycine and lithium chloride that have previously 
been published have also been based on this method of calculation®^’ 

a-Aminocaproic Acid and Lithium Chloride. Norleucine, or a-amino- 
caproic acid, is far less soluble in water than glycine. The dielectric con- 


Table 13. Solubility of Glycine in Water and Ethanol-Water Mixtures 

Containing LiCl at 25° 


Ionic 

strength 

Density of 
solution 

Ionic 
strength 
i of 

Solubility 



1 

Log of 
solubility 

- M 

o 


Moles 

Mole 

fraction 

N 



solvent 

r72 

P 

solution 

r/2 

per 1 
liter 


0 

ratio 
log N/N' 


qIcS 


i 









Glycine in Water 


0.0 

1.08283 

0.0 

2.8715 

0.0563 

0.0 

0.0 

0.0 

0.0 

0.0 

0.25 

1.08977 

0.220 

2.9626 

0.0584 

0.220 

0.119 

0.015 i 

0.015 

0,028 

0.746 

1.10169 

0.655 

3.0322 

0.0600 

0.655 

0.350 

0.027 

0.027 

0.051 


Glycine in 60% Ethanol 


0.0 

0.91074 

0.0 

0.1601 

0.00468 

0.0 

0.0 

0.0 

0.0 

0.0 

0.1019 

0.91418 

0,101 

0.1836 

0,00536 

0.166 

0.153 

0.059 

0.036 

0.039 

0,2483 

0.91895 

0.2458 

0.2139 

0.00623 

0.405, 

0.368 

0.129 

0,076 

0.084 

0.4951 

0.92681 

0.4893 

0.2624 

0.00764 

0.806 

0.716 

0.213 

0.129 

0.146 


Glycine in 80% Ethanol 


0.0 

0.85611 

0.0 

0.0267 

0.00102 

0,0 

0.0 

0.0 

0.0 

0,0 

0.1003 

0.85944 

0.1002 

0.0344 

0.00131 

0.220 

0.216 

0.108 

0.049 

0.050 

0,2492 

0.86407 

0.2487 

0.0449 

0.00170 

0.547 

0.532 

1 

0.221 

0.101 

0,103 


Glycine in 90% Ethanol 


0.0 

1 0.82521 

0.0 

0.00557 

0.000254 

0.0 

0,0 

0.0 

0.0 

0.0 

0.1015 

1 0.82879 

0.1015 

0.00840 

0,000382 

0.266 

0.265 

0.177 

0.067 

0.068 

0.2511 

i 0.83376 

1 

0.2510 

0.01227 

0.000555 

0.658 

0.652 

0.339 

0.129 

0.131 


Glycine in 95% Ethanol 


0.0 

0.80712 

0.0 

0.00183 

0,000094 

0,0 

0.0 

0,0 

0.0 

0.0 

0.0253 

0.80823 

0.0253 

0.00213 

0,000109 

0.073 

0.073 

0.064 

0.022 

0,022 

0.0504 

0.80922 

0.0504 

0.00248 

0.000126 

0,146 

0.146 1 

0.128 

0.044 

0.044 

0.1018 

0.81111 

0,1018 

0.00306 

0.000155 

0.295 

0,294 

0.217 

0.075 

0.076 

0.1987 

0.81458 

0.1087 

0.00424 

0.000216 

0.575 

0,573 ! 

0.362 

0.125 

0.126 


stant of its solutions may be taken, as a first approximation, as close to 
that of the pure solvents. Moreover, whereas lithium chloride in water 
increases the solubility of glycine, it first increases and then diminishes 
the solubility of leucine; the salting-out effect being dominant even in a 
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parable. In 60% ethanol glycine is six times as soluble as norleucine, but 
in 96% ethanol their solubilities are of the same order and are very small. 
In these alcohol-water mixtures moreover the solvent action of lithium 
chloride on these two quite different amino acids is nearly the same, being 
o^y slightly smaller for the larger molecule. We must therefore conclude 
either that the salting-out effects, so different in water, vanish in these 
alcohol-water mixtures, or that the interaction of the lithium chloride 
with the ethanol is so large that the difference between the salting-out 
effects upon the two different amino acids becomes a small part of large 



apparent ^Itmg-out constants. In either case these results demonstrate 
that m solutions of low dielectric constant interactions between ions and 
chpolar ions even of different composition are closely similar if they have 
the same dipole moment. 

e-Wocaproic Acid and Lithium Chloride. Glycine and norleucine 
(a-ammocaproic acid) with the same moment, but different compositions 

have. a.s we haw. seen claselv the same ne+ivifir neeffi/.5eT.+ ir, QK 07 . e+hor. J 
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totally different' activity coefficients under these conditions. Measure- 
ments defining interactions of these isomers with ions in such solutions 
are reported in Table 14. The interactions between ions and dipolar ions 
are greater the greater the dipole moment of the latter. 

Measurements upon e-aminocaproic acid have thus far been made at 
only one dielectric constant. They can therefore not be employed in 
estimating Ks in ethanol-water mixtures. They can readily be compared 


Table 14. Solubility of a and e-AMiNOCAPROic Acids in Water and Ethanol- 
Water Mixtures Containing LiCl at 25® 


Ionic 

strength 

solvent 

T'/2 

Density of 
solution 

P 

» Ionic 
strength 
of 

solution 

r/2 

Solubility 

$!3 

fH|« 

W 1 

Log of 
solubility 
ratio 
log N/N* 

.1 


Moles 
per liter 

C 

Mole 

fraction 

dZ-a-Aminocaproic Acid in Water 

0.0 i 

0.99922 

0.0 

0.0839 

0.00152 

0.0 

0.0 

0.0 

0.0 

0.0 

0.10 

1.00157 

0.099 

0.0872 

0.00159 

0.099 

0.097 

0.020 

0.020 

0.020 

0.25 

1.00523 

0.248 

0.0881 

0.00160 

0.248 

0.241 

0.022 

0.022 

0.023 

0.50 

1.01103 

0.495 

0.0850 

0.00155 

0.495 

0.484 

0.009 

0.009 

0.009 

0.746 

1.01696 

0.739 

0.0837 

0.00152 

0.739 

0,721 

0.000 

0.000 

0.000 


tZi-oj-Aminocaproic Acid in 60% Ethanol 


0.0 

0.90617 

0.0 

0.0260 

0.000757 

0.0 

0.0 

0.0 

0.0 

0.0 

0.100 

0.90899 

0.0998 

0.0294 

0.000856 

0.164 

0.162 

0.053 

0.032 

0,033 

0.250 

0.91294 

0.2491 

0.0331 

0.000963 

0.410 

0.404 

0.105 

0.063 

0.065 


dZ-a-Aminocaproic Acid in 95% Ethanol 


0.0 

0.80729 

1 0.0 

0.00254 

0,000129 

0.0 

0.0 

0.0 

0.0 

0.0 

0.026 

0.80824 

I 0.0256 

0.00303 

0.000154 

0.074 

0.074 

0.077 

0.027 

0.027 

0.050 

0.80926 

0.0504 

0.00340 

0.000173 

0.146 

0,146 

0.127 

0.044 

0.044 

0.102 ; 

0.81117 

0.1018 

0.00414 

0.000211 

0.295 

0.294 

0.214 

0.074 

0.074 

0.199 

0.81464 

0.1986 

0.00553 

0.000282 

0.575 

0.573 

0.337 

p.ll6 

0.117 



€- 

Aminocaproic Acid in 95% Ethanol 



0.0 

0.80800 

0.0 

0.0149 

0.000760 

0.0 


0.0 

0.0 


0.010 

0.80843 

0.00998 

0.0174 

0.000887 

0.029 


0.067 

0.023 


0.026 

0,80921 

0.0256 

0.0203 

0.00103 

0.074 


0.130 

0.046 


0.050 

0.81039 

0.0503 

0.0252 

0.00128 

0.146 


0.226 

0.078 


0.102 

0.81270 

0.1014 

0.0353 

0.00180 

0.294 


0.345 

0.129 



with the measurements upon glycine and a-aminocaproic acid in ethanol- 
water mixtures by the approximate equation 5 in which the term Ks is 
neglected. The results for the a-amino acids are fairly well represented 
by this equation if B is put equal to 0.95 for the interaction with lithium 
chloride® in which case Kb is equal to 0.33. 

TTvdjintnir. Acid. Pftnfidft.Q And Rndiiim Chloride. The nentideR that 
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have thus far been investigated both in water and ethanol-water mixtures 
are far less soluble than these amino acids. Their interactions with 
sodium chloride have been investigated in 80% ethanol"*^’ and are graph- 
ically represented in Fig. 16, in which the results with glycine, a and 
eaminocaproic acids are included so as to facilitate comparison. The 
activity coefficients hoik in the series of amino acids and peptides of varying 
dipole moment deviate further from unity the greater their dipole moments. 

0.4 


0.3 

Figure 16. - 

Solubility ratios in 80% ethanol ^ 
containing sodium chloride: □ ^ 

lysylglut^ic acid, 0 triglycine, 

^ diglycine, O glycine, O hydan- o' 
toic acid of diglycine, .© hydantoic -J 0.2 
acid, C hydantoic acid of a- ^ 
aminocaproic acid; and M cl- ^ 
aminocaproic acid and A €-amino- sT 
caproic acid in 95% ethanol Q 
containing lithium chloride. v-/ 

0.1 


0 

( Do / D )^/2 

The values deduced for the limiting slope, Kh, are not entirely inde- 
pendent of the methods employed in extrapolating to zero ionic strength. 
In the estimates that have heretofore been made the term in if, has been 
neglected and the dielectric constant has been taken as that of the solu- 
tion®^’ 32 sensible change in these values, would follow any present 
change in the method of calculation, though it is to be hoped that more 
accurate measurements ard more detailed theories will render this approach 
to the problem merel^^ a first approximation. 

Tn TaKIa ifi +.bA valiiAH nf and thft dinole moments are tabulated 
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Table 15 


Substance 

Interaction Constant 
Kr 

Dipole Moment 

M 

Glycine 

0.33 

15 

a-Aminocaproic acid 

0.33 

16 

Diglycine 

0.58 

26 

e-Aminocaproic acid 

0.7 

29 

Triglycine 

0.8 

32 

Lysylglutamio acid 

1.2 

i 59 


Although the values of Kr would appear, as a first approximation, to 
be proportional to the dipole moment of the molecules, specific chemical 
factors, especially the nature of their polar and non-polar groups, cannot 
be neglected. Measurements upon the hydantoic acids that have been 
studied in 80% ethanol are also graphically represented in Fig. 16. Al- 
though the interactions of ions with these molecules are small in com- 
parison with those with dipolar ions they are not negligible. Since many 
of the groups of proteins are comparable to those of the hydantoic acids 
we must conclude that in a second approximation to the theory of inter- 
action between ions and dipolar ions the chemical nature of the groups 
will have to be considered as well as the volumes and dipole moments of 
the molecules. These effects will presumably be larger the higher the 
dielectric constant of the solution and contribute greatly to the salting-out 
constant and also to the specific interactions in aqueous solutions which 
contain more than one ionic and dipolar ionic species. 



Chapter 12 

The Theoretical Interpretation of the Properties 
of Solutions of Dipolar Ions 

By John G. KiKKwooi) 

The amino acids and proteins are ampholytes which 6 xist in solutions 
partly as neutral molecules and partly as positive and negative ions. The 
neutral molecular species predominates in isoelectric solutions of the 
simpler aliphatic amino acids and constitutes the major component of iso- 
electric solutions of most proteins. Yet the solutions of these substances 
exhibit properties which distinguish them sharply from ordinary non- 
electrolytes. It is now recognized that their characteristic properties are 
attributable to a unique structure, the dipolar ionic or zwitter-ionic struc- 
ture proposed by Bjerrum. A dipolar ion, while bearing no net electric 
charge, is characterized by electric multipole moments of large magnitude. 
For example, the glycine dipolar ion NH3;^CH2COO“ should, on the basis 
of structural considerations, possess an electric dipole moment of about 15 
Debye units, approximately ten times that of an ordinary polar molecule. 
Thus a dipolar ion is a superpolar molecule, surrounded by an intense 
electrostatic field. 

As a consequence of their electrical structure, a strong electrostatic 
interaction between dipolar ions and real ions in solution is to be expected, 
which should result in anomalies in their thermodynamic properties com- 
parable with those observed for real ions in the presence of electrolytes. 
The measurements of Cohn^’ ^ and his collaborators provide a large 
body of thermodynamic data relating to this question, which may be inter- 
preted by means of an extension of the Debye-Htickel theory developed 
by Scatchard and Kirkwood^’ ^ to describe the electrostatic interaction of 
dipolar ions and real ions. The dipolar ion structure should have a marked 
effect on the dissociation constants of ampholytes and on acid-base equi- 
librium in their solutions. This effect is interpretable on the basis of an 
extension of Bjerrum's^ theory of electrostatic interaction in the dissocia- 

20 , 663 ( 1932 ); Annual Rev. Biochem., 4 , 93 ( 1935 ); Chem. Rev., 19 , 241 
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tion of polybasic acids. Finally, the large magnitude of the dipole mo- 
ments of dipolar ions should be directly observable in the dielectric polari- 
zation of their solutions. This is confirmed in a striking manner by the 
measurements of Wyman®, Ferry^ Oncley®, Williams^° and others. Their 
data are susceptible of quantitative interpretation on the basis of On- 
sager’s theory^^ of polar dielectrics and an extension of this theory proposed 
by Kirkwood^^. In addition to those which have been mentioned, many 
other properties of solutions of dipolar ions reflect their characteristic 
electrical structure. 

In the present chapter, we shall undertake to present a systematic theo- 
retical interpretation of those properties of dipolar ions which are charac- 
teristic of their electrical structure. On the one hand, the theory may be 
employed to make semi-quantitative predictions of the properties of dipolar 
ions of known structure, arid on the other to determine structural param- 
eters, for example, the positions of the charged groups and the dipole 
moment of simple dipolar ions from experimental data. In discussing the 
applications of the theory, we shall be chiefly concerned with the aliphatic 
amino acids and their peptides. Although the principles of the theory are 
applicable to proteins, so many parameters are required to specify the 
charge distribution of a protein dipolar ion that a uriique determination 
from the measured properties of their solutions is not at present feasible. 
fOn the other hand too little is yet -known about the details of protein 
structure to permit a probable assignment of configuration to the dipolar 
‘^ionic charges. 

Thermodynamic Interaction with Electrolytes 

We shall be interested in the properties of a solution containing a dipolar 
ion component i at a molar concentration, (7i, and v ionic components at 
molar concentrations, Ci • • • in a solvent of dielectric constant, B. The 
pertinent thermodynamic properties of the solution may be derived from 
the chemical potentials of the several components. We shall be particu- 
larly concerned with the chemical potential of the dipolar ion species, 
which may be written in conventional form, 

fXi = BT log yiCi + 

Mi = limit [Mi - BT log Ci] (D 

cir ’ 'Cp,ci 
~+0 

where the activity coeflficient, is defined by this equation. 

® Wyman, J., Jr., and MoMeekin, T. L., J, Am. Chem. Soc., 55, 908 (1933); Wyman, J., Jr., ibid., 56, 536 
rifl34'l? U«2 rifiafiV Rro Chanter 6. 
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We shall make the simplifying assumption that the deviatipn of the 
solution ^ from ideal behavior is due to electrostatic intermolecular forces 
alone. If the solvent is idealized as a structureless dielectric continuum, 
the logarithm of the activity coefficient, 7*, may be written as follows, 

logTi = + . (2) 


where the sum extends over all v + 1 solute components. Vik is the 
electrostatic work required to bring the pair of molecules or ions, i and fc, 
from infinite separation to the given configuration in the pure solvent and 
TF,**(X) is the average work (potential of average force) expended in the 
same process in the actual solution, all charges, ei • • • of molecule i 
having a fraction X of their full values. The integration extends over all 
values of the relative coordinates of the pair of molecules in the volume, v, 
of the solution and outside a region, co, of molecular dimensions deter- 
mined by the size and shape of the two molecules, into which intermolecular 
repulsion at short range prevents penetration^^ 

According to the Debye-Hiickel theory, the potentials of. average force, 
Wik, necessary for the evaluation of the coefficients, satisfy the 

relation, 

Wik(\) = zjbc^i(X, Tk) (3) 

where is the average electrostatic potential at the point ik from an 
oripn in molecule i and Zk(^ is the charge of ion fc. The potential, ypi, 
satisfies the PoissomBoltzmann equation of the Debye-Hiickel theory^ 
which in its linear approximation is 


2 

K = 


4:7rN€ 

lOOODkT 


T,Ckzl 


(4) 


outside the region of non-penetration, while in co Laplace^s equation is 
satisfied: 


vVi - 0 (5) 

Solution of equations 4 and 5,. subject to the boundary conditions of 
electrostatics on the surface of o), continuity of the potential and the 
normal component of the dielectric displacement, yields ^ which may be 


Equation 2, while somewhat more convenient, for our Durnoae 
usual expression, based on the Giintelberg-MhUer charging 


3 ooociiLitwxy equivalent 
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used in equation 2 or 2a for the calculation of the activity coefficient. 
Kirkwood® has employed this method to study the influence of electrolytes 
on the activity of spherical dipolar ions. 

In this chapter we propose to use a somewhat simpler method, which, 
although it yields only a limiting law in which only the linear terms in the 
expansion of the logarithm of the activity coeflSicient in the concentrations 
of the various solute species appear, allows the treatment of dipolar ions 
not spherical and permits the inclusion of “salting-out^^ forces between an 
ion and a dipolar ion, arising from a repulsion between the ionic charge 
and an image distribution in the cavity of low dielectric constant created 
by the dipolar ion in the solvent. It is evident that 

limit - Wik 

If we are content with the linear terms in a power series in the ionic concen- 
trations, we may therefore write equation 2 in the following form, 

Zfii* = limit 

Cl,' • 'CVtCi 
-»0 

For simplicity we suppose that the term in the sum, equation 2, arising 
from the mutual interaction of dipolar ions is negligible and thus limit 
ourselves to solutions in which the concentration of dipolar ions is itself 
small. If desired the Kru for mutual dipolar interaction may be obtained 
from Fuoss’^^ calculations for dipole molecules. The development, equa- 
tion 7, is only possible when the integrals defining the Kru. exist. Al- 
though they diverge when the component i is a true ion, they exist when 
it is a dipolar ion bearing no net charge, and the expansion is suitable for 
our purposes. In solvents of relatively high dielectric constant at ordinary 
temperatures, a satisfactory approximation to the Kr^j^ may be obtained 
by expansion of 1 - with retention of the first two terms alone. 



For a dipolar ion characterized by a set of charges, ei • • • e,, distributed 
in a cavity, wo, of dielectric constant, Dt, the electrical work, Vik, required 
to bring a true ion of charge, from infinity to a point Xk from an origin 

^/\T\ n io frl'Vri3>'n Kv 
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where f^ti) is the electrostatic potential in the interior of too at the location 
of the charge, ez, and ^(r*) is the potential at the point exterior to coo, 
when the ion and dipolar ion are fixed in the given configuration in the 
pure solvent. Self energy terms in equation 9 are to be omitted, Ft* 
vanishing at infinite separation. The potentials ^ and satisfy Laplace^s 
equation, vV - 0, both interior and exterior to the surface of coo, and every- 
where on this surface fulfill the usual boundary conditions: 

^ ^ 

Din-V±^ Dn-Vi^ 

where n is a unit vector normal to the surface. In addition, the potentials 
must have the singularities characteristic of the real charge distributions 
of the two ions. The details of the determination of the electrostatic po- 
tential for dipolar ions of several shapes are given in the appendix. 

We first consider a spherical dipolar ion of radius 6, the charge distribu- 
tion of which may be characterized by a point dipole of moment, /i, 
located at its center. The cavity, coo, is thus a sphere of radius 6, and the 
excluded region, co, in the integral, equation 8, is a sphere of radius a, the 
sum of the radii of the dipolar ion and the real ion, all real ions in the 
solution being spheres of the same radius. The potential energy, Vik, has 
the following form, 

_ SZkepL cos 0 zleb^ D - A* ^ (^4-1) (11) 

(2D + A>' 2r^ D n«o(n + 2)i) + (n+l)A\V ^ 


where r is the distance between the centers of the ion and dipolar ion and 
8 is the angle between the vectors, r and i^, the dipole moment. The 
second member of equation 11 represents a repulsion between the real ion 
and an image distribution in the cavity, coo, created by the dipolar ion in 
the solvent, A similar term, usually of much smaller magnitude, arising 
from the interaction of the dipolar ion and an image distribution in the 
ionic cavity has been suppressed. 

Substitution of equation 11 in equations 7 , and 8 and the neglect of smaE 
terms in Di/D in the summation of the resulting series yields the following 
limiting law for the activity coefiScient of the dipolar ion component of the 
solution, 


logioTi - '-KBiT/2 


r/2 = i E Ckzl 


( 12 ) 
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where V/2 is the ioriic strength of the solution, p the ratio, 6/a, and a(p) 
a function tabulated in table 1. Insertion of numerical values for the 
universal constants and the introduction of the dielectric constant of 
water. Do, yields at 25°: 

Km = K'm - K'i} 

K'., - 5.48 X 10- (0 1 . 0.126 (§y f (13) 

where B is the effective dipole separation, jit/e, and Vi is equal to 47riV’&V3, 
the value at infinite dilution of the partial molal volume of the dipolar ion 
component under the idealization of the solvent as structureless con- 
tinuum. The units employed in equation 13 are the Debye for dipole 
moment and the Ingstrom for the lengths R and a. The term, Kni , gives 
rise to a decrease in the chemical potential of the dipolar ion by electrolyte, 
salting-in, while the term, Kfl, gives rise to an increase, salting-out. The 
latter effect was not included in Kirkwood’s previous treatment®, based on 

Table 1 

a(p) = - 2) log (1 + p) - (p* + 2) log (1 - p) - 2p2] 


P 

0.0 

.2 

A 

.6 

.8 

.9 


<x{p) 

1.00 

1.01 

1.08 

1.21 

1.54 

1.96 


the Debye- Huckel theory. If the term Kr} is omitted in equation 12, 
a limiting law in exact agreement with Kirkwood’s earlier one is reached. 

We next consider a dipolar ion of prolate ellipsoidal shape, characterized 
by a charge distribution consisting of two charges, and -6, located at 
the foci. It is convenient to employ confocal elliptical coordinates in the 
treatment of this model. Thus a point situated at distances, n and r 2 , 
from the respective foci of the ellipsoid and in a plane inclined at angle, 
to reference place containing the major axis is specified by the coordinates, 
X, rjy <t>. 


(14) 


X = (ri + t^/B 

)? = (ri - ri)/B 

where R is the interfocal distance. The cavity, wo, is an ellipsoid of eccen- 
tricity equal to 1/Xo, and the region, w, into which ions cannot pene- 
QGQnTYlArl IflpTlt, 103,1 With Wn. although this is strictly 


lo 



282 PROTEINS, AMINO ACIDS AND PEPTIDES 


ion and a real ion of charge, is closely approximated by the following 
expression, 


Vik 


4Zk( V 

DR(X^ - v^) 


Xo 


" Xo- 


(Xl 


-ihog^T' 

Ao — 


(15) 


Equation 15 is exact for the two limiting cases, zero and unit eccentricity 
and only slightly inaccurate, because of the approximate summation of an 
infinite series, for intermediate eccentricities. The term arising from the 
interaction of the ion with its image distribution in the dipolar ion cavity, 
included for the sphere, has been omitted in equation 15, since it intro- 
duces undue complication, in the evaluation of the integral, equation 8. 
Introduction of the coordinates, X, v and ^ as variables of integration in 
the latter equation leads to the following expression, 

-TriVJj' r 

' Jxo J-t 


k: 


Rik 


8000(fcT)2 Jxo 


Fa(x' - v) di) dk 


(16) 


the term linear in F** vanishing, since it is an odd function of rj- Equation 
16, together with 7 and 15, yields for the logarithm of the activity coefli- 
cient of the dipolar ion, 


logio yi « -*X^B»r/2 

__ 2TrNe^gOKo)R 

■” 2303(i)fcr)2 (17) 



Insertion of numerical values for the constants gives at 25°, 

Kr, = OAm{Do/Df9{\o)R (1&) 

A tabulation of p as a function of the eccentricity of the ellipsoidal cavity 
is given in Table 2. For constant eccentricity Kr^ is proportional to the 
first power of the distance, i2, between the charges of the dipolar ion. 
For elongated ellipsoids near unit eccentricity, g is approximately unity. 
For ellipsoids nearly spherical, g may be expanded in a power series in 
J?/a, where a is the shortest distance of either focus to the surface, ’equal to 
the radius of the sphere at zero eccentricity. The initial term of the 
series, 3i2/4a, when substituted in equation 18 yields an expression identical 
with Kr., equation 13, for a dipole at the center of a sphere. No counter- 
part of Kr} is obtained, since we have neglected the salting-out influence 
of image forces in the present case. While we shall not consider the problem 
in detail in the present chapter, it seems reasonable to suppose the magni- 
tude of for «TI 1*1 i i ^ 
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We shall also discuss a second model in which the dipolar ion is elhp- 
soidal in shape but characterized by a charge distribution consisting of a 
point dipole of moment, ii, situated at one of the foci and parallel to the 
major axis. The calculations proceed in the same manner as for the first 
ellipsoidal model except that the potential, Fj*, is of the form, 


Vi, 


iZkiH (1 + Xl?) . -1 
DR^ (X + “ 


Xo 


Xo - 1 


log 


/Xo + IV 
\Xo - 1/. 


(19) 


The logarithm of the activity coefficient of the dipolar ion is finally calcu- 
lated to be 


-KmT/2 . (20) 

3tW€^u(Xo) II 
2303 {DkTY R 

8 1 + 2(Xo — 1) ^ + 8(Xo — 1) ^ 

With numerical values for the constants at 25°, is given by the following 
equation, 

Kh, = 5.48 X 10-\D,/DM\oW/R (21) 

in which the Debye and the Angstrom are the units employed. The func- 
tion u(Xo) is listed for several eccentricities in Table S. In the limit of 
zero eccentricity of the ellipsoid u{\q)/R reduces to 1/a, where a is the 
radius of the sphere, and equations 20 and 21 reduce to 12 and 13, except 
for the salting~out term. 


€ 

Table 2 

1(0 

e(l - e 2 )“ J / 3 g («) 

0.00 

0.00 

0.00 

.20 

.30 

.061 

.33 

.49 

.17 

.50 

,71 

.39 

.60 

.83 

.58 

.70 

.94 

.82 

.80 

1.01 

1.14 

1.00 

1.00 



logio Ji ^ 
Kn, « 

'a(Xo) = 


We are now ready for a brief review of the interpretation of the thermo- 
dynamic interaction of dipolar ions and electrolytes by means of the equa- 
tions put forward in the preceding section, Tor this purpose we turn to 
the data of Cohn and his co-workers relating to the influence of electrolytes 
on the solubility of the aliphatic amino acids and the peptides of glycine. 
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in the presence of electrolyte, the solution being assumed ideal when the 
dipolar ion component is present alone. We may therefore write a limiting 
solubility law in the following form, 

logxo (S/So) - KnT/2 (22) 

where T/2 is the ionic strength and Kr is given by one of equations 12, 17, 
or 20, according to the assumed structure of the dipolar ion. The data of 
Cohn confirm the form of the limiting law, in which the initial term is 
linear in the ionic strength, and the coeflScient Kr may be obtained from 
the limiting slopes of his solubility curves. (See equation 4 in Chapter 11.) 
In order to correlate measurements in solvents of different dielectric con- 
stant, it is convenient to introduce a coefficient Kr equal to (D/DqYKr^ 
related to the solubility ratio as follows, 


Kr = lim 
r-*o 


d(Do/D) log,oS/So 
d(D/Do)T/2 


(23) 


From equations 12, 17 and 20, we remark that the theory predicts that Kr 
should be independent of the dielectric constant of the solvent if salting-out 


a 

Table 3 

u(e) 

,(1 ^ ^ 2 )- l / 8 /«( e ) 

0.00 

0.00 

0.50 

.20 

.46 

.44 

.33 

.99 

.35 

.50 

3.05 

.18 

.60 

7.43 

.093 

.70 

22.4 

.039 

.80 

128.1 

.0089 


forces due to image repulsion are of small magnitude (Kr^‘ « 0). This 
independence is approximately confirmed by Cohn^s measurements of the 
solubilities of the amino acids in alcohol water mixtures, from which we 
may conclude that the salting-out forces, as represented in the term in 
Ks, are of secondary importance, though not negligible. 

We shall first discuss the solubility data for the simplest amino acid, 
glycine, on the basis of the spherical dipolar ion model. The dipole 
moment, ju, may be computed from the solubility coefficient, Kr^\ by 
equation 13. 

IX = Vl83 

(24) 

K'r-(D/DoW^ 

From the partial molal volume of glycine at infinite dilution in water and 
the ionic radii of Pauling and Huggins^, Cohn estimates a to be 3.90 for 
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stant, he determines Kr to be 0.32. Substitution of these values in equa- 
tion 24 yields a value, 15 Debye units, for the glycine dipole moment. 
This value is in agreement with the dipole moment, calculated on the basis 
of structural considerations, for the glycine dipolar ion in which the ter- 
minal and COO“ carry residual charges 4-e and respectively. 

It is also of interest to consider the salting-out coefficient Kr\ Its relative 
importance becomes greater with increasing solvent dielectric constant. 
Although in water the high solubility of glycine prevents the use of equa- 
tion 22 without a term for the mutual dipolar ion interaction, the co- 
efficient Kr may be obtained from EMF measurements of Joseph^® and 
freezing point measurements of Scatchard and Prentiss^^. For glycine 
and sodium chloride in water at 25®, Kr has the value 0.24. The diSerence 
between this value and Kr, roughly 0.08, gives the salting-out coefficient 
if on the basis of the present theory. For glycine and sodium chloride, 
Cohn calculates a to be 4.05 and p is 0.7. By linear interpolation in 
Table 1, we obtain for a{p) a value 1.37. With these values and Cohn^s 
estimate, 57 cc., for the fimiting partial molal volume of glycine, corrected 
for solvent electrostriction, we calculate from equation 13 a value, 0.08 
for Kr ^ . Thus in water the salting-out contribution arising from image 
forces amounts to about 26% of the salting-in contribution to the solu- 
bility coefficient Kr, arising from the interaction of the ions of the electro- 
lyte and the true charges of the dipolar ion. 

We shall now discuss glycine and its peptides on the basis of the first 
ellipsoidal model, in which two charges of opposite sign are situated at 
the foci. The calculations will be somewhat more approximate than those 
for glycine on the spherical model, since the ion size of the electrolyte is 
neglected and the salting-out influence of image forces is not included. 
The distance R between the foci of an ellipsoid of eccentricity e and 
volume v/N may be expressed in the following manner* 

where the length p is equal to and is to be expressed 

stroms. With numerical values for the constants, we have 

p - 1.47^;^'' 

where the molal volume v is in cubic centimeters. For a sphere 
diameter. From equations 18, 25 and 26 we may write 

z; = 0.167 6g(6)(l 
R = € (1 - 

“.TmBnh. N. B... J. Biol. Chm., Ul, 479, 489 11935).^ 


(25) 
in Xng- 

(26) 
p is the 

( 27 ) 
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From the first of these equations and the experimental value of the 
eccentricity of the molecular ellipsoid may be obtained by linear inter- 
polation in Table 2. From the eccentricity and the molal volume, the 
charge separation of the dipolar ion may then be computed from the 
second of the equations. Calculations for glycine, diglycine, triglycine, 
and jd-alanine are summarized in Table 4. They are based on Cohn’s 
experimental values of Kn and on his estimates of molal volumes corrected 
for solvent electrostriction (2, 3). The distance, 2.8 A, for glycine corre- 
sponds to a dipole moment of 13 which differs only slightly from the value 
15 obtained on the basis of the spherical model. A significant part of the 
difference between the two values is due to the neglect of electrolyte ion 
size in the ellipsoidal calculation. It therefore appears that we cannot 
conclude much about the shape of the glycine dipolar ion from the influ- 
ence of salts on its activity. However, because of this very insensitivity 
to shape, we can place considerable confidence in the value of the dipole 
moment computed from the salt effect. The distances 4.8 and* 6.4 com- 
puted for diglycine and triglycine are considerably below the values, 6.7 
and 10.2, estimated by Cohn^ for an extended chain configuration. Thus 

Table 4 


V Ji 

Glycine 0.32 57 2.8 

Diglycine 58 93 4.7 

Triglycine 80 130 6.4 

/S- Alanine 43 73 3.6 


our calculations suggest that the extended chain configuration is not the 
preferred one, but that, because of internal rotation, the average separa- 
tion of the charges in these dipolar ions lies intermediate between the ex- 
tended chain value and the free rotation value. Under these circum- 
stances, the computed distances have only formal significance as average 
distances unless a single preferred configuration should happen to domi- 
nate all others in probability. To take internal rotation properly into 
account, we should compute a for each internal configuration and then 
average over all configurations with an appropriate distribution function, 
for comparison with the experimental value of At present it is not 
possible to do this, and, moreover, the ellipsoidal model would be an ex- 
tremely rough approximation for ^^crumpled” configurations. 

Finally we shall discuss a series of the aliphatic alpha-amino acids on 
the basis of the second ellipsoidal model in which a point dipole is located 
at one focus. We represent glycine by a sphere with a point dipole, at its 

o o X — i.'U .. j.1. 1 .1 j i_ 1 1 f* 1 • 
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major axis. The eccentricity of the ellipsoid is then determined by the 
relation 

(1 - c)(l ~ == 2l/p (28) 

where p is defined by equation 26 in terms of the molecular volume, and Z, 
the distance of a focus from the surface is 2.8 A in the subsequent calcula- 
tions. Equation 28 may be roughly solved by linear interpolation in 
Table 5. From equations 21 and 25 the following relation between the 
dipole moment of the dipolar ion is obtained 

^ mKp € (1 - (29) 

Calculations based upon equation 29 and Cohn^s values of Kr and molecu- 
lar volumes for glycine, oi-alanine, a-aminobutyric acid and leucine are 
listed in Table 6. The discrepancy between the dipole moment values 
13 and 15, both based upon the spherical model, is merely due to the 


Table 5 


m/p) 

e 

2(l/P) 

£ 


1.00 

0.00 

0.46 

0.60 


.81 

.20 

.38 

.70 


.70 

.33 

.28 

.80 


.55 

.50 

Table 6 

Kr' 

Pf 

Dipole 

moment 

Glycine 


0.32 

5.6 

13 

a-Alanine 


31 

6.1 

13 

a-Aminobutyric acid 


31 

6,6 

13 

Leucine 


30 

7.3 

13 


neglect of electrolyte ion size in the present calculation, a procedure which 
we see does not lead to great error. It is interesting that the calculated 
dipole moments of glycine and the other aliphatic alpha-amino acids turn 
out to have identical values. This is essentially what would be expected 
on the basis of structural considerations, although small differences could 
possibly arise from induction effects in the different aliphatic ’chains. 
The problem of internal rotation does not enter explicitly into the deter- 
mination of the dipole moments of the alpha-amino acids as it did in the 
case of the peptides of glycine. However, the average configuration of the 
aliphatic chain to which the glycine residue is attached will determine how 
closely the actual molecule conforms to the ellipsoidal shape, at best an 
approximation 

Acid-Base Equilibrium 

iTYinnrf.ft.Tif. infr^rrrissf.m'n of nf amirirt cinirlB onrl 
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ampholytes. In fact, one of the early arguments in favor of dipolar ion 
hyppthesis was based upon the striking discrepancy between the values of 
the dissociation constants of the amino acids and those of aliphatic car- 
boxylic acids. The acidic group of the neutral ampholyte was concluded 
to be NHs*^ rather than COOH, in agreement with a dipolar ionic structure 
NHs'^RCOO". On the basis of Bjerrum^s^ theory of electrostatic inter- 
action in the dissociation of polybasic acids, it is further to be expected 
that the negative group COO~ would have a marked influence on the 
acidic dissociation of the NHa**" group, depending upon the distance of 
separation of the charged groups. From a comparison of the dissociation 
constants of the dipolar ion NH 3 '’’RCOO“ and the ion of its ester salt 
NHs^^RCOOCHs, the charge separation in the dipolar ion may be calcu- 
lated. Neuberger^® has calculated the charge separation for several ali- 
phatic amino acids on the basis of the Bjerrum theory. The distances so 
obtained were considerably too small. More recently Westheimer and 
Shookhoff^®, using a more refined electrostatic theory, have computed 
charge separations which agree very satisfactorily with structural estimates 
from accepted interatomic distances and bond angles. Their calculations 
thus complete the argument for dipolar ionic structure based upon the 
magnitude of dissociation constants. It also is possible to extend the 
electrostatic theory to an ampholyte with an arbitrary number of acidic 
groups, and COOH, and thus to provide a semi-quantitative theory 
of acid-base equilibria in solutions of proteins. 

The ionization equilibria of a simple ampholyte HZ with positive ion 
H 2 Z"^ and negative ion Z“ are describable by the equations; 

HaZ-^ + H+; Ki 

/ (30) 

HZ^Z"” 

Let HZ^"^ be a monobasic acid with a basic part, differing in structure 
from the ion only by the absence of the negative charge. Its ionization 
equilibrium is described by 

HZ'-^:i^Z" + H+;ifJ (31) 

From thermodynamics we may write 

RT]ixKI/K2^ (32) 
where AF^ is the standard free energy increment in the reaction, 

HZ'+ + HZ + Z' (33) 

From a molecular point of view, AF^/N is equal to average work expended 
in the transport of a proton from the molecule to the ion Z“. Since 
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forces bonding the protons in the acids and HZ may be expected to 
cancel in the transfer of the profcon between them, leaving the electrostatic 
interaction between the proton and the negative charge of Z" as the 
dominant contribution to AF^. If R is the distance between proton and 
the negative charge in the molecule HZ, AF^ then has the form 

^AF^ = Ne^D'R (34) 

where D' is an effective dielectric constant. In the Bjerrum theory D' 
was assumed identical with the macroscopic dielectric constant D of the 
solvent. In the Kirkwood-Westheimer theory^® the molecule HZ is treated 
as a cavity of low dielectric constant rather than as a structureless 
system of two^ point charges in the solvent continuum. Using classical 
electrostatic theory, these authors have calculated D' for molecules of 


Table 7 


cos 0 — 1 

X 

(X « 4r/b) 


0.10 

0.26 

0.20 

0.64 

0.30 

1.31 

0.40 

2.45 

0.50 

4.59 

0.60 

8.79 

0.70 

17.6 

0.80 

37.6 

0.90 

79,2 

1.00 

127.0 


- 1/2 

Values of -y/x D* 

0 

0.24 

0 . 23 " 

0.60 

0.55 

1.16 

1.02 

2.11 

1.76 

3.82 

3.02 

7.15 

5.42 

14.2 

10.6 

30.9 

23.3 

68.9 

56.4 

,116.3 

103.6 


spherical and ellipsoidal shape. From equations 32 and 34 the quantity 
ApKy equal to logio K 2 /K 2 , may be computed from the formula 


ApK ~ 


2.303 D'kT * R 


(35) 


where may be obtained from the tables of Kirkwood and Westheimer^^ 
In their spherical model, the molecules HZ and HZ®*^ are regarded as 
spheres of radius &, each containing a proton at a distance r from their 
centers. The molecule HZ is assumed to contain a negative charge e, in 
excess of HZ®"^, situated at a distance, r, from the center on a vector making 
an angle, d, with the vector to the proton. The values of in the solvent 
water at 25® are presented in Table 7. They were calculated with an in- 
ternal molecular dielectric constant equal to 2.00. For the calculation of R 
from experimental values of ApK it is convenient to write equation 35 in 
the form, 

^2 

xD'(z) = 4 fiofihfcTA’nK' sin fl/2 ’ 
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where v is the molar volume of the acid HZ. With an appropriate struc- 
tural assignment of B, the function ’\/xD'{x) may be computed and the 
corresponding value of x obtained from Table 7. From the latter value 
the intercharge distance R is calculated from the third of equations 36. 

If the acid HZ is identified with the dipolar ion NHa'^RCOO” and the 
acid HZ®'^ with the ester salt ion NH 3 *^RCOOCH 3 , the theory may be used 
to calculate the distance between the charged groups of the dipolar ion. 
Such calculations have been made by Westheimer and Shookhoff, using the 
spherical model for glycine and alanine and the ellipsoidal model for amino 
acids and peptides of longer chain length. Their results are presented in 
Table 8 together with the distance Rf computed on the basis of free rota- 
tion and Rb on the simple Bjerrum theory in which D' is identified with 
the solvent dielectric constant. The distance 4.05 A obtained for glycine 


Table 8. Charge Separation in Dipolar Ions from ApK Values 



ApK 

R 

% . 

Rb 

Glycine 

2.02 

4.05 

3.56 

1.53 

Alanine 

2.a7 

3.86 

3.66 

1.50 

jS- Alanine 

1.06 

5.15 

4.19 

2.92 

7 -Aminobutyric acid 

0.72 

6.10 

4.72 

4.31 

5-Amino valeric acid 

0.62 

6.55 

5.19 

5.00 

€-Aminocaproic acid 

0.38 

7.85 

5.63 

8.16 

Glycylglycine 

0.66 

6.50 

5.17 

5.54 


Table 9. The Electric Moment m from Dielectric Constant Increments in 

Aqueous Solution 




M X 10^8 

R(.k) 

Glycine 

22.6 

15.7 

3.27 

/3- Alanine 

34.6 

19.4 

4,04 

7 -Aminobutyric acid , 

52 

23.8 

4.96 

5-Amino valeric acid 

63 

26.2 

5.45 

€-Aminocaproic acid 

77.5 

29.0 

6.04 

Glycylglycine 

70.6 

27.7 

5.76 


For reference to the values of 5o employed here see Chapter 6, Table 3. 


agrees moderately well with the structural value 3.17. The mean charge 
separations in the amino acids of longer chain length, as those computed 
from salting-in and from the dielectric constant increment, do not differ 
greatly from the free rotation values. Finally, we may say that the disso- 
ciation constant data on amino acids and their ester salts are entirely in 
harmony with the dipolar ion hypothesis. 

It is possible to extend the ideas which have just been discussed to 
ampholytes containing an arbitrary number of acidic and basic groups, by 
a method similar to that proposed by Linderstr0m-Lang'®\ We shall begin 
with some preliminary remarks on the thermodynamic aspects of the 

TT 1-1- - i? £ •__ _ • . 
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HsfP • • • H„P • • • P. with respective charges n - v. The dissociation 
equilibria are described by the equations : 

HavP H2 ,_iP + H+; Ky 


H„P ?::t H„_iP + H+; 


(37) 


HP ^ P + H+; Ki, 

If (H'*') is the hydrogen ion activity, C" the bulk ampholyte concentration, 
and Cn the concentration of the ion H„P, we may write, 

C„ = {Ft)yn-xC,^xh.K^, -n+1 

2v 


(38) 


71=0 


where is the activity coefficient of the ion H„P . The difference equations 
38 for the concentrations Cn have the solutions 

C„ = C'’ii:„(H+)7(?[(H+)] 

a««l 

Thus the fraction /« of the ampholyte existing in the form of the ion HnP is 

/„ = ii:„(H+)7(?[(H7] (40) 

The mean charge z of the ampholyte is evidently given by 


2v 

z= Z) ^ 

Tl-aO 


d\ogG 


(41) 


dlog (H+) 

The isoelectric point corresponding to vanishing average charge is obtained 
by solving the algebraic equation 

d\ogG 


0 


(42) 


dlog(H+) 

for (H7, equal to 10“'’®. The activity coefficient of the ampholyte, re- 
garded as the neutral species HvP, is/^y,, which may be written 


7 = 


1 + 7.<^[(H+)] 


^[(h7] 


(43) 



292 


PROTEINS, AMINO ACIDS AND PEPTIDES 


In an aqueous solution containing the ampholyte and a strong acid at a 
concentration Ca, electrical neutrality requires 

E (n - v)/„ C" + Ch+ - Ca - Cqh- = 0. (44) 

n =*0 

The bound hydrogen ion per mole of ampholyte, h, is defined as follows 

Ch+ = Ca + CoH- - C% (45) 

and the bound hydrogen ion becomes equal to the average charge, z, or 


dlogC 
dlog (H+) 


(46) 


yfUl pertinent information concerning the acid-base equilibria of the 
ampholyte may thus be calculated from the function C[(H"'’)] 



We shall now undertake the development of an approximate statistical 
theory of the function C[(H''‘)] for a large spherical ampholyte of radius J?, 
containing v acidic groups COOH and v acidic groups NHs"'". Let us 
suppose that K\ and Ki are the respective dissociation, constants of an 
isolated COOH group and an isolated NHa'*' group in the absence of electro- 
static interaction between the protons of the ampholyte ion. In the ion 
H„P, the n protons can assume a number of configurations corresponding 
to the different ways in which the v basic sites COO“ and the v basic sites 
NHa may be assigned to them. If is the local free energy of the 
configuration C, the configurational part of the chemical potential /n of 
the ion HP may be computed from the partition functions. 

" (48) 

W, = nikTlogKl + nJcTlogKl + Vc 


where Ui is the number of protons occupying COO“ sites, rit the number 
occupying NHj sites, and Vc is the mutual electrostatic energy of the n 
protons and of each proton with the negative charges of the COO~ groups 
other than that occupied by it. The calculation of Vc demands a specifica- 
tion of the location of the basic groups on the surface of the molecule and 
use of the Kirkwood-Westheimer theory. We shall assume that the basic 
sites are randomly distributed on the surface of the sphere B. On the 
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pair of charges averaged over all points on the surface of the sphere is 
simply eie 2 f 2 DR, where D is the dielectric constant of the solvent. The 
average electrostatic energy may therefore be roughly approximated by 

V = [n(n -- 1) - 2ni(v ~ 1) - 2 n 2 ^^]e 72 DJg (49) 

If fluctuations in Vc are neglected in the calculation of the partition function 
48 we may now write 


a = €/2DRkT 


ni, 712 


smce 1 )( I 

\n 1 J\n 2 J 


(ni+n2»«n) 

Xi == (kUT\ 


X 2 - 


is the number of configurations corresponding to ni 
protons on COO” sites and n 2 on NH 2 sites. By thermodynamics, we have 


kT log K2y^n+l == Mn - Mn-1 - 
and from equations 50 and 51 we may write 

An—1 12(71— v)—l]a 

-^27'— 7l-fl — 2 ^ ^ 

An 

Thus the coeflScient Kn in the function (?[(H7] becomes 

V 

TT TT .v^a-in-v)^a-lQsyn A 

-fin — 'Yn XX ri2y— «-t-l “ ^ An 


( 51 ) 

(52) 

(53) 


In all* calculations the factor e"’” is of no importance, so that it is sufficient 
to. write 

2i' 


GICK'-)] = 2: e 


-(n— v)2a!— log7n 




n«0 


An(Xl,X2)[(H7] 


(54) 

An(Xi, X 2 ) = Coefficient of f in (1 -f Xi0^(l 4- ^ 2 ^’' 

We shall not discuss in detail the electrostatic effect embodied in the factor 
^-(7i-y)2a^ except to remark that it favors the dipolar ion form of the am- 
pholyte HvP. However, due to the fact that a may be small in a protein 
molecule, the electrostatic interaction between the protons of the ampholyte 
may be dominated by the interaction with the electrolytic environment, 
manifesting itself in the log yn term. Thus acid-base equilibrium and the 
isoelectric noint mav be exnected to be sensitive to the ionic strength of 
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approximation to ©[(H'*')] with the neglect of electrostatic interaction \?^dthin 
the ampholyte molecule and with the environment. 

G[(H+)] == (1 + (E-^)/Kly{i + oi^)/Kiy 
By equation 41, the mean charge of the ampholyte becomes 

(H+) . (H^) _ . \ 

For the isoelectric point, ^ - 0, we have 

(H+) - 

a value independent of the ampholyte^s specific structure, 
responds to a pH of approximately 6. The specific behavior of an am- 
pholyte is thus to be attributed to electrostatic interaction between its 
charges and with its electrolyte environment. The theory may be extended 
without difficulty to an ampholyte containing acidic groups other than 
and COOH, for example, NH 2 ’^ and SH groups. 

Dielectric Polarization 

The large magnitude of the electric moments of dipolar ions should, 
according to the theory of Debye^^ manifest itself in the dielectric constants 
of their solutions. This prediction has been confirmed by Wyman, 
Devoto and others^, who found that the aliphatic amino acids and peptides 
produce remarkably large dielectric constant increments in aqueous solution 
and mixed polar solvents. However, attempts to interpret the measure- 
ments of these investigators on the basis of the Lorentz field and the 
Clausius-Mosotti formula failed completely. Wyman devised an empirical 
scheme for computing the electric moments of dipolar ions froin the 
dielectric constant increments, which he deduced from a study of the 
dielectric polarization of mixtures of simple polar molecules of known 
moment. Wyman’s scheme is qualitatively confirmed by Onsager’s 
theory (11) of the dielectric polarization of p.olar liquids, which replaces 
the Lorentz local field with a much more satisfactory approximation. As 
an extension of Onsager’s ideas, Kirkwood (12) has developed a general 
statistical theory of the dielectric polarization of polar liquids ^and polar 
mixtures. In the latter theory, it becomes apparent that the dipole 
moment m of an individual molecule cannot be obtained from dielectric 
constant measurements alone. However, a moment /I, equal to VmS, 
may be calculated in a straightforward manner, the moment fi being the 
sum of the electric moment of a molecule and the moment which it induces 
in its neighboring molecules by hindering their rotation relative to itself. 



(55) 

(56) 

(57) 
This cor- 



PROPERTIES OF SOLUTIONS OF DIPOLAR IONS 295 


As we sh^ll show, this appears to be true of the dipolar ions of the aliphatic 
amino acids in dilute aqueous solution. 

The Onsager-Kirkwood equation for a binary polar mixture has the 
form, 

D — 1 3D r> , Ar D ) 

-r- " “ 25T1 


Fl = ^ [«i + Mi/ii/3fcr] 


(58) 


P2=~ k + l^2P.2/3kT] 


where D is the dielectric constant, v the mean molar volume, Ni and Ni the 
mole fractions of the components and ai and their optical polarizabilities. 
The moments m and are the molecular dipole moments, while fii and fii are 
sums of the corresponding molecular dipole moments and those induced by- 
hindered rotation in, the molecular environments. For simplicity, we 
assume M 2 and jh to be parallel vectors, in the present discussion. It is 
convenient to define a molar dielectric constant increment, 8, by the relation 

D = Fi + SCi (59) 


where Ci is the molar concentration of the solute component and Di is the 
dielectric constant of the pure solvent. If F is large, of the order of 
magnitude of 100, the factor 3F/(2F + 1) in equation 58 may be adequately 
approximated by 3 /2. With this approximation, equations 58 and 59 yield 


8 


9 / <P2Pi £ Pi - Pf \ 
2000 i ’' vi vi N2 j 


(60) 


where vi is the molar volume of the pure solvent, Pj, its polarization, and 
<P 2 is the apparent molar volume of the solute. At infinite dilution, we 
may write 


5o « 



^P?H- 

Vi 



(61) 


Wyman has found that d is approximately constant in solutions of the 
aliphatic amino acids and peptides up to concentrations of the order of 
one mole per liter. This is in accord with the theory, since P 2 , the dominant 
term in 5, will not be expected to deviate much from Pj as long as the 
mole fraction of the solute remains small. It is true that the difference 
fi — n must depend on dipole-dipole interaction of the solute molecules 
with each other as well as with the solvent molecules and that P 2 may be 
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If we define /Zj as the geometric mean \/ and introduce numerical 
values for the universal constant, equations 58 and 61 yield at 25° 

» - 3.30{s. + .0045 - (?&), - R.)Y (62) 

where R 2 is the molar refraction of the solute and /I 2 is expressed in Debye 
units. For dipolar ions the last three terms in the parentheses are not 
large, so that to a fair approximation, we may write, 

ih = 3.30 (63) 

Wyman's value of 5o for glycine in water, 22.6, leads to a moment m of 15.7 
Debye units. The dipole moment p 2 has the value 15.0 from salting-in 
data. From, jl^ and we then estimate p .2 as 16.4 Debye units. It 
appears that differs from 1 x 2 by only ten per cent. The difference 1.4 
represents the vector sum of the moments induced in the solvent environ- 
ment through orientation of adjacent water molecules by the positive and 
negative groups of the dipolar ion. Since this additional moment turns 
out to be a small fraction of the total moment of the dipolar ion, we may 
conclude that fx 2 is a rather good approximation to )U 2 , the dipolar ion 
moment. The effective dipole separation fi 2 /e corresponding to ix 2 is 
3.27 A, in good agreement with the structural value, 3.17 A. In Table 9, 
values of /I 2 and the corresponding dipole separations i 2 , computed from 
the 5 values of Wyman and Devotb, are presented^®. The dipole distances, 
computed from the dielectric constant increments lie very close to the 
mean distances between the NH 3 ’*’ and COO~ groups of the respective 
dipolar ions, calculated on the assumption of free rotation around carbon- 
carbon bonds. They are considerably smaller than in an extended chain 
configuration. We may conclude that the dielectric polari25ation of solu- 
tions of the amino acids and peptides amply confirms the dipolar ion 
^ hypothesis and leads to structural parameters in essential agreenjent with 
those calculated from other properties. 

Information concerning the rotatory diffusion constants and the size and 
shape of polar molecules may be obtained from dielectric loss measurements 
in the region of anomalous dispersion. Such measurements can be inter- 
preted by means of the Debye^^ theory of anomalous dispersion and the 
extended Onsager theory of the local field. The investigation of the 
smaller amino acids and peptides in solvents of low viscosity such as water 
or alcohol is inconvenient, since the region of anomalous dispersion gene- 
rally lies well on the short wave length side of the radio frequency range. 
In solutions of proteins, on the other hand, the anomalous dispersion 
lies within a frequency ranee accessible to mpasurAmPTif. wUii rarii'o_ 
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tions of the proteins have been carried out by Oncley®, Ferry^, Williams^® 
and others. (See Chapter 22.) 

Although a complete theory of anomalous dispersion in polar liquids 
has not yet been developed, certain approximations adequate for solutions 
of components of widely different relaxation times may be stated. On the 
Debye theory, an assembly of dipole molecules diffuse to their equilibrium 
configuration in an applied electric field by rotatory Brownian motion. 
In an alternating field of sufficiently high frequency, the rate of Brownian 
motion becomes insufficient to permit realization of equilibrium with the 
field and a phase difference is set up between the field and the polarization 

dP 

due to dipole orientation. The associated displacement current iir— 

ot 

acquires a conductance as well as a reactance component, and dielectric 
loss sets in. This situation may be described by means of a complex 
dielectric constant D' ~ where o)D^E is the reactance component of the 
current and oiD^'E is the conductance component in a field jB of frequency 
a)/ 27 r. Thus, when a solution of polar molecules is subjected to an alter- 
nating electric field, of frequency co/2x, the polarizations. Pi and 

P 2 of equation 58, become complex quantities: 

Pi -Pi- iPi 

p, ^ p' ip;' 


leading to a complex dielectric constant' D' - iD" and a loss angle 
tan shall assume that intermolecular relaxation effects 

can be neglected, that is to say, that fix and Jx^ of equation fiS^'are inde- 
pendent of frequency. Under this assumption, we may write for a rigid 
ellipsoidal molecule 


P 


AjtN / 1 r MoMa 

~r P ' ZkTll + iuiTa 


Me Me 

1 -f icOTb 1 + 


(64) 


where m., lih, lie, and /Z«, jit, jle, are the components of the electric moment 
n and ju in the directions of the axes a, b, c of the ellipsoid, and to, n, rc 
are relaxation times associated with molecular rotations around axes per- 
pendicular to a, b, c. If 0a, 06, 0c are the corresponding rotatory diffusion 
constants, the generalized Debye theory yields 


= 1 
06 + ©c 
1 

0a + ©c 


( 66 ) 
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By the theory of rotatory Brownian motion, each rotatory diffusion con- 
stant, for example 0a, is related to the corresponding hydrodynamic 
resistance as kT/^a- Perrin^^ has investigated the hydrodynamic 
problem relating to the rotation of an ellipsoid in a viscous medium. His 
results are used to calculate the lengths of the molecular axes from the 
measured rotatory diffusion constants and relaxation times. 

The equations corresponding to equation 59 in a frequency range in 
which the anomalous dispersion of the solvent can be neglected are 


D' = A + S'A 

_ 9 / P2a P2b Pic 

^ 2000 u + cvr 1 + 1 + coV^j 

_ 9W / TaPia nPih , rcPic \ 

2000 U + ^ 1 + o^\l 1 + coV^i 


( 66 ) 


where D' and D" are the real and imaginary parts of the dielectric constant 
and terms depending upon the volume displacement of the solvent and the 
optical polarization of the solute have been neglected. Since the applica- 
tion of these equations is described in Chapter 22, we shall not present 
further details here. In Oncley^s analysis of dielectric polarization data 
for proteins, he employed equations for 5' and 8" differing from equation 66 
only by a numerical factor fixed to yield the structural dipole separation 
3.17 A for glycine, and he interprets fi as the solute dipole moment rather 
than as 

The influence of molecular interaction does not appear to be important 
in solutions of the proteins, but it presents a theoretical problem which 
demands further study. It should also be borne in mind that the inter- 
pretation of loss data on the basis of Perrin^s rigid ellipsoidal model may 
sometimes be open to question. If the molecule possesses internal rotatory 
degrees of freedom upon which its dipole moment depends, a distribution 
in relaxation times associated with internal rotatory Brownian motion is 
to be expected. Internal dispersion of this type is possibly important in a 
linear protein such as zein, though probably unimportant for an approxi- 
mately spherical protein such as egg albumin. 


Appendix to Section 2 

We shall present here some of the mathematical details in the calculation 
of Vik, the electrostatic work required to bring a dipolar ion i and a real 
ion k from infinite senaration in the -nnre solvenf, +.n 
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polar ion by a charge distribution ei • • • 6s located in a cavity coo, of dielec- 
tric constant Z)», in the solvent of dielectric constant D. The potential 
Vik is then given by 

-Wo (67) 

where W is the work of charging the system in the given configuration and 
Wo the work of charging when the two ions are infinitely separated. W is 
to be calculated by means of the formula 

( 68 ) 

where ^t(rz) is the electrostatic potential in the interior of coo at the point 
Yi of location of charge 6z, and i/e{rk) is the potential exterior to coo at the 
point of location of the real ion. The potentials and both satisfy 
Laplace^s equation: 



vV - 0 (69) 

as well as the boundary conditions: 


^i(r) - tAa(r) 


(70) 


Din*V^t(r) - Dii*V^s(r) 


on the surface of the cavity coo. 

Sphere: When the cavity coo is a sphere of radius b, it is convenient to 
employ polar coordinates (r, ((>) with origin at the center of the sphere. 

Potentials and yl/e satisfying Laplace’s equation and possessing the 
appropriate singularities are 


= ± ^ ^ + Z £ iC«n»r’'P:(cos 0)/”* 
iZi Di\T - Ti\ »-0 m— n 

*. - + f: £ ‘P:(cos9)«*-* 

JLJ I r n®«0 7n*“— n 


(71) 


where the P^(cos 6) are the associated Legendre functions of the first kind. 
On the boundary of the sphere 6, we have: 

^«(b, 0, <t>) ==* yli(b, d, <!>} ,,:, 
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for all values of 0 and <t> in the intervals 0 to ir and 0 and 2x. On the sur- 
face of the sphere, we may employ the following harmonic expansions: 


Djr- r*l 


= E £ F„„r”P:(cos 

n«»0 ?n»=-*n 


Fn: 


Zht 


{n - I OT |) ! 
(n + lm|)! 


P:(cos 


(73) 


S 



ei 

A- 1 r - r; 
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nm 


i_ (^ ~ I ^ D- 

A (n + \m 1)! 


Ee^r?P:(cos5)e'”‘^ 


Substitution of equations 71 and 73 in equation 72 and use of the orthog- 
onality of the functions, Pn(cos on the surface of the sphere, we 

obtain the following set of linear equations for the coefficients Anm 
and Kitnm* 

= A™ + K^nn. 

(n + l)A„m — nh^’‘^^Fnm. = vKn + l)Am — (74) 

V = Di/D. 


Solution yields 

__ 271 + 1 (tI -f* !)(<?* "“ l) G'nm 

n -h 1 4* ^0- n 1 + TifT 6^"+^ 


A 


nm 


n(l - <r)?>^"+^ ^ , (2n+l)cr ^ 

r nm H —T~- IT, 

n+l + Tzo- n 1 + ncr 


(75) 


Use of equations 71 and 75 in equations 67 and 68 and application of the 
addition theorem of spherical harmonics yields when the dipolar ion has 
no net charge 




y = V V 

i)r;fcn»xz^n+H-n(r r? 


n 
2 2 


i^nlCOS 




no- 


(76) 


where is the distance of the real ion Zk€ from the center of the sphere and 
0ki is the angle between the vectors r* and r/ from the center of the sphere 
terminating in the real ionic charge Zk€ and the charge ei of the dipolar ion. 
When the dipolar ion contains a point dipole at the center, the first sum 
in (76) degenerates into 



PROPERTIES OF SOLUTIONS OF DIPOLAR IONS 301 


and equation 11 results at once from equation 76, with a slight change in 
the summation index in the second sum. In this case the dipolar ion 
may be regarded as possessing two charges, +€ and ~€, situated at equal 
distances n from the center, with 6 k 2 ^ t - 6 ki. If we pass to the limit 
ro = 0 with M ~ 2 lim (ero) all terms except for = 1 vanish in first sum of 

ro-»0 


equation 76, the first term reducing to 77, if dki is designated simply by 6 k^ 
Before leaving the spherical case, it is perhaps desirable to give the gene- 
ral expression for Kni when the charge distribution of the dipolar ion is 
arbitrary. ifiV is still given by equation 42. 


( 0 ) 


JXRi 


Mn 


^irNi 


2n + 1 


2303 {DkTY {2n -!)(«+ 1 + rur) 

a 

X] Pn(C 0 S $ 1 ^ 1 ) 


(78) 


where dn* is the angle between the vectors of length ri and rz^, joining the 
charges ei and ev to the center of the sphere. For a molecule of the type 
of cystine, a model consisting of two point dipoles of moment ^ perpen- 
dicular to a common diameter and each situated at a distance I from the 
center, is useful. In this case equation 78 reduces to 




(0) 


SwNe^ m'(1+COS0)v 2n + 3 /ZV" . . 

2303 (DkTY a S (2n + l)[n + 2 + (ti + Da] \aj ^ ^ 


where <t> is the angle between the two dipole moments. 

Ellipsoid: When the cavity coo is ellipsoidal in form, we may conveniently 
einploy confocal elliptical coordinates, X, i?, <i>, where X == (n + r 2 )/R and 
7? = (n - T 2 )/Ri n and rz being the distances of the point from the respective 
foci and R the interfocal distance. The angle measures the*inclination 
of the plane n and n to a chosen reference plane containing the major axis. 
The cavity coo is then specified by a value Xo equal to the reciprocal of the 
eccentricity of its elliptical section. We suppose the charges ‘ of 
the dipolar ion to lie on the major axis of the ellipsoid. We shall further 
neglect the image distribution induced in the cavity wo by the real ionic 
charge. Potentials satisfying Laplace^s equation and having the proper 
singularities are the following 
00 

- X) AnPn(ri)Qn(\) 

n“0 


z-1 Di 


ei 


00 

+ X-) KRnPniv)Pn(X) 

n-=0 


( 80 ) 



302 


PROTEINS, AMINO ACIDS AND PEPTIDES 


The boundary conditions are 


'I'ti'Ko , t)) = ^<(Xo, ii) 


D 




> -1 < 57 < +1. 


( 81 ) 


On the boundary of wo, the initial terms of the second of equations 80 may 
be developed in the Neumann expansion,' 


il 1 = I E (2m + 1)(?„P„(5,)Q„(X„) 

JDi I r — Ti I Ih n»=*0 

g 

Cfn - ^ Pnivi) 

1^1 


(82) 


where (1, rji) are elliptical coordinates of the dipolar ionic charge ej. 
Application of the boundary conditions 80 to equations 80 and 82, and use 
of the orthogonality of the functions, Pn{v), yield the set of linear equations, 


4nQn(Xo) = KnnPnihd + | (2m + 1)G*„ Q„(Xo) 

in QKXo) = (r[if„„PUXo) + I (2M + l)^„Ql(Xo) 


(83) 


where QUXo) and Pl(Xo) are the first derivatives of the indicated functions, 
and O’ is the ratio, Di/D. Solutions of the equations 83 and elimination 
of the derivative Q1 (Xo) by means of the formula 

PnQn - PnQn = (1 - X^)"^ 


yield 

A (2w + l)Gn . 

" “ P 1 4- (XS - 1)(1 - (r)P'(Xo)Qn(Xo) 

^ _ 2((r - 1) Q„(Xo) (2n + !)(?„ 

R p„{x„) 1 _ [p:(xo)Q„(xo)]/[Pn(xo)Q:(xo)] ■ 

We no-w calculate Vik by means of the formula 


(84) 


Vik = Zk^fpeO^k, Vk) (85) 

and obtain, neglecting a in comparison with unity in the denominators on 
the right-hand side of equation 84, 

f/ _ 2Zke -ip (2 m + l)OnPn(l7t)Qii(X*;). 


/■QA^ 
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The sum begins with n equal to unity, since Go, the total charge of the 
dipolar ion, vanishes. By a simple algebraic transformation equation 
86 may be written as follows 

JJIL 1 (^Ao — IjyivAoJ 

(87) 

Wx ) = 2(Xo — l)gfe£ ^ (2n + l)G^n[Ql(XQ) — Pl(XQ)Qn(Xo)][Pn(7?OQn(Xfc)] 
S [1+(XS-1 )P:(Xo)Q.(X“)]I1 + (X?-1)Qi(Xo)] 
The term Y (kkj Vk) vanishes for the limiting eccentricities zero and unity of 
the ellipsoidal cavity coo, and can be neglected without great error for inter- 
mediate eccentricities. We therefore have, approximately, 

2Zk € “ 

Vik = + (X'§ _ l)Gi(Xo)] „§ l)G'nPn(7n,)Qn(Xi) (88) 

When the charge distribution of the dipolar ion consists of two charges 
and -e situated at the foci, (1, 1) and (1, —1) respectively, we have 

Gn - -€[(-1)" 1] (89) 

and the series in equation 88 may be summed to give equation 44, when 
we note that 1 4- (X? - l)Qi(Xo) is equal to Xoj^l - ^ log 

On the other hand, when the charge distribution consists of a point dipole 
of moment /ut at the focus (1, -1), the Gn have the form 

Gn - lim F-Pnf^ “ (~l)''l; /X = lim (ex) (90) 

and calculation yields 

Gn {-l)Mn + l)fJL/R (91) 

Summation in equation 88 with the Gn of equation 91 yields equation 48. 
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The ,Size, Shape and Electric Charge of Protein Molecules 




Chapter 13 

The Structural Basis of the Protein Molecule: Evidence 
from Analysis and from the Action of Proteolytic 

Enzymes 

By John T. Edsall 

In Part I of this book we have dealt with simple dipolar ions — amino 
acids, peptides, betaines and others — ^whose structures are exactly known. 
A more complex task confronts us in this and the subsequent chapters. 
Proteins are built principally, and apparently in some instances entirely, 
of amino acids bound together in peptide linkage. Much of the knowledge 
set forth in Part I may therefore be employed . to draw fairly direct in- 
ferences as to the nature of proteins. It may be inferred, for instance, 
that proteins at their isoelectric points are generally dipolar ions, carrying 
negatively charged carboxyl groups, and positively charged ammonium 
groups (of lysine), guanidinium groups (of arginine), and sometimes 
imidazolium groups (of histidine). It may also be expected that their 
solutions should have high dielectric constants, depending on the arrange- 
ment of these charged groups in the molecule. These inferences are 
abundantly verified by experiment. 

Some General Characteristics of Protein Molecules 

The problem .of the proteins, however, is vastly more complex than that 
of the simple molecules considered in Part I. Of all types of molecules 
found in nature, proteins are probably the most varied, the most complex, 
and the largest. For no protein has any detailed and convincing proof 
of structure been given. The great size of the proteins, and the number of 
different amino acids they yield on hydrolysis, give scope for an almost 
endless variety of possible structures. Furthermore, many proteins con- 
tain other components than amino acids as an integral part of the molecule. 
These prosthetic groups may be carbohydrate in nature, such as the 
polysaccharide isolated from crystalline egg albumin^, containing mannose, 
glucosamine and another nitrogenous compound; they may be heme deriva- 
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held in ester linkage to a hydroxyamino acid, as in casein^. The copper- 
containing prosthetic gronp in the hemocyanins^’ ® is another example. 

In the nucleoproteins we find a class of compounds of the utmost im- 
portance, in which amino acid residues and nucleic acids are both present 
in comparable proportions. These few examples, chosen out of a vast 
number, indicate that protein chemistry is far more than the chemistry 
of amino acids and their possible combinations with one another. Never- 
theless, in our subsequent discussion, we shall lay stress on the amino acids 
and their combinations, for this aspect of the problem of protein chemistry 
is the one specific to proteins; and in itself it raises endless problems that 
are still unsolved. 

For the most part, in our discussion, we shall make no attempt to 
picture the structure of proteins in any detail, for the experimental basis 
for any such picture is still totally inadequate. There is, however, detailed 
evidence as to the size of many proteins, and considerable although less 
satisfactory evidence as to their shapes. From analytical data, electro- 
motive force and electrophoretic measurements, much has been learned 
as to the nature and number of the electrically charged groups in proteins; 
and dielectric constant measurements have begun to furnish some evidence 
as to the arrangement of these groups. In subsequent chapters, the 
methods available for the attack on all these problems, and the results 
already obtained, will be considered. In the present chapter we shall 
consider the chemical evidence as to the mode of linkage of amino acids 
in the protein molecule. Fortunately, in spite of the complexity of protein 
structure, there is much that points to an underlying simplicity in the 
type of pattern common to many proteins of diverse types. 

In the first place, all amino acids derived from proteins are a-amino 
acids, except proline and hydroxyproline, which are cyclic a:-imino acids. 
Furthermore, it is nearly certain that all of the naturally occurring optically 
active amino acids in proteins have the same steric configuration’; that is, 
H E 

the groups C have invariably the same spatial relation 

/ \ 

+H3N C Go- 

to each other. The synthetic work of Emil Fischer* brought forth much 
powerful evidence for the importance of the peptide bond as the principal 

^ Eimington, C., Biochem. 21, 1179, 1187 (1927). 

\ r . Rr- % 175 (1934). 

!: U : .V; , .■ v / . 299, 32 (1938). 

■ * ■ ji- . \-‘» some of the evidence on this point, see Clarke, H. T., in ‘^Organic Chem~ 

tsfr:., \i ^ York, 1938) Vol. II, Chapter 10, which gives a most valuable s^vey of amino 

AT.in rllAmimfrV Raa olon on nt V... — IS 1 - . . . • » » • 
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link involved in joining one amino acid to another in the protein molecule. 
Not only were a number of simple peptides isolated from the enzymatic 
hydrolysis products of many proteins, but the synthetic polypeptides made 
by Fischer were readily hydrolyzed by enzyme extracts from the digestive 
tract. Later investigations have confirmed and greatly extended the 
evidence for the importance of the peptide linkage. It is in accord with 
the peptide theory®’ that the enzymatic hydrolysis of proteins is very 
commonly found to involve the liberation of equivalent quantities of 
amino and carboxyl groups. The only exceptions hitherto found to this 
rule have been in proteins containing proline or oxyproline held in peptide 
( — CO*N=) linkage, in which case imino rather than amino groups are 
liberated on hydrolysis^h 

It should be pointed out that the titrations on which these conclusions 
are based are not extremely accurate, the probable error being always 
at least 1%, and generally 3% or more. More decisive is the recent evi- 
dence, obtained by Bergmann and his collaborators, that peptide linkages 
in certain synthetic substrates are split by the typical proteolytic enzymes. 
Suitable substrates have now been found for no less than six such enzymes — 
crystalline trypsin and chymotrypsin, crystalline pepsin, liver cathepsin, 
papain and bromelin. The nature of the substrates and the peptide 
linkages which are split are listed in detail in Table 1. 

Splitting of Synthetic Substrates by Proteolytic Enzymes ; the Specificity of 

Proteinases 

Unlike the simpler peptidases, which attack only terminal peptide 
linkages, these enzymes “split their substrates preferably, although not 
exclusively, at interior peptide linkages; they are endopeptidases, . . . The 
proteinases are particularly sensitive to the presence and the special nature 
of the side chains in the substrate; for example, papain distinguishes be- 
tween glycyl and leucyl, and chymotrypsin between phenylalanyl and 
leucyl. . . . However, the splitting of a peptide linkage by a proteinase is 
not only affected by the two amino acid residues which directly participate 
in the peptide bond but by more distant groups as well ; this effect is clearly 
visible in the decrease of splitting of the tyrosyl-glycine linkage by chymo- 
trypsin on passing from carbobenzoxytyrosylglycineamide to carbo- 
benzoxytyrosylglycylglycineamide^^ (reference 12, p. 407-408). 

The difference in specificity between Papain I and chymotrypsin is well 
revealed by a study of the sul^strate carbobenzoxyglycyltyrosylglycine- 
amide: carbobenzoxy glycyl | tyrosylglycine | amide (splitting by Papain I); 

* IT ! *>ko 
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carbobenzoxyglycyltyrosyl | glycineamide (splitting by chymotrypsin). 
The vertical lines indicate the points of splitting by the two enzymes. 

The splitting of such simple peptide linkages by proteolytic enzymes is 
decisive evidence (in the light of our knowledge of enzyme specificity) 
that peptide linkages of a fundamentally similar sort must exist within 
protein molecules. 


Ta^le 1. Some Proteolytic Enzymes and Their Synthetic Substrates 

Enzjrme (reference in parentheses) Substrates Split 

Crystalline trypsin (1) (6) Bz-Ar \ Am, Bz-G-Ly 1 Am; Bz-Ly | Am 

Crystalline chymotrypsin (2) Cbz-T 1 G-Am Cbz-T-G-G-Am 

Cbz‘G*T 1 G*Am G*T*G*Am 

Cbz-G-Ph-G-Am 

Crystalline pepsin (6) Cbz • Gt 1 T Cbz * Gt * T • Am 

Cbz.Gt'Ph Cbz-GtlT-G 

Cbz-Ph-Gt 

Papain I (3) (see also 1, 2) Cbz-G G Cbz-G | Gt-G 

Cbz-G G-G Cbz-GtlG 

Cbz*G G-G-G Cbz-GthGliG 

Bz-G| Leu-G G-G-Leu G 

Bz G 1 G-Leu-G G-G-G-Leu-G 

Cbz-G 1 G-G 1 Leu-G Bz-G 1 Am 
Cbz-Leu-G | G Cbz-G | T-G | Am 

Bz-Leu-G I G Bz-Ly 1 Am 

Bz-Leu 1 Leu-G Bz-G | Ly-G 

Cbz-G 1 Gt-Am Bz G 1 2 Cbz-Ly 1 iG 

Cathepsin (Pig Liver) (4) Cbz • G • Gt - G • Am Cbz - G • G • G . 

Cbz-Leu-G-G Cbz-G-G-G-Leu-G 

Bromelin (Pineapple) (4) Cbz-G- Gt-G* Am Cbz-G-G-G-Leu-G 

References: (1) Bergmann, M., Fruton, J. S., and Pollok, Hi, Science, 85, 410 (1937). 

(2) Bergraann, M., and Fruton, J. S., J. Biol. Chem., 118, 405 (1937). 

Br-g'n-i"-'.. V . Z.-vr..- . T. : i . J « B-' Chem., 115, 593 (1938). 

! r: i' ‘ . - v- >1, - 16). 

v ./ ■ ■■■, I. •7.627 (1939). 

. \ ••;.,/ r.iol. Chem., 130, 81 (1939). 

In this ■■ ■ ■■■ ■: ■■■■ ■■ ■ ' * ■ 

Cbz ~ carbobenzoxy; Am *= a terminal amide linkage; G = glycyl or glycine: Ar = Argininyl; Gt =« 
Glutamyl; Bz = Benzoyl; Ly — Lysyi; Leu = Leucyl; Ty = Tyrosyl; Ph = Phenylalanyl. 
Theoptically active amino acid residues are all the natural (I) forms. Thus Cbz-G-Ph-G-Am denotes carbo- 
benzoxy-glycyl-Z>phenyl-alanyl-glycine amide. Vertical lines are used to denote the iwint where the molecule 
is split by the given enzyme, when this point has been explicitly determined by isolation of the products. In 
two cases, the subscripts 1 and 2 are Tised to denote the preferential order of attack of a given enzyme on two 
different linkagaa in the same substrate. 


These studies do not entirely exclude the possibility that diketopiperazine 
rings exist in proteins; the splitting of a peptide linkage in such a ring 
would, of course, give rise to equal numbers of amino and carboxyl groups. 
'No satisfactory evidence has yet been forthcoming, however, that any 
synthetic diketopiperazine can be split by any enzyme found in nature^^ 
The likelihood that such rings exist in proteins, therefore, appears small. 
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The Nature of the Peptide Linkages and the Free Acid and Basic Groups of 

Proteins 

Another important question arises. Are the peptide linkages in proteins 
always between a-amino and carboxyl groups, or may they involve such 
groups as the distal carboxyl groups of aspartic or glutamic acid, the 
eamino group of lysine, or the guanido group of arginine? The available 
evidence appears to be against the existence of any appreciable number of 
such links in proteins. We may summarize this evidence, largely following 
the treatment of Linderstr0m-Lang (reference 10, p. 434). 

1. The eamino group in lysine is probably free, for the treatment of 
proteins with nitrous acid liberates half the lysine nitrogen, or its equiva- 
lent^^. Furthermore, it has been found that, in the hydrolysate from 
deaminized casein, lysine has disappeared from the basic fraction of the 
amino acids^^ When proteins are benzoylated or benzoylsulfonated, 
6-benzoyllysine and ebenzoylsulfonyllysine are isolated after hydrolysis^® 

2. The guanidino group of arginine is probably free. 

On nitration of protamines, and subsequent hydrolysis of the nitrated 
protein, nitroarginine is obtained^^. One protamine, clupein^®, shows only 
one free amino group per 4000 gm of clupein — a value confirmed by the 
Van Slyke amino nitrogen determination — yet the total acid-binding 
capacity is more than twenty times as great as that to be expected from 
this amino group. The other acid-binding groups, therefore, must be the 
free guanidine groups of arginine residues. Moreover, it is found in gene- 
ral, on the enzymatic hydrolysis of proteins, that carboxyl and ai-amino 
groups are liberated in equivalent quantities— a fact which indicates that 
neither the guanidine group in arginine nor the imidazole group in histidine 
is involved in the linkages split. 

3. One of the carboxyl groups of the dicarboxylic acids is either bound 
to ammonia or free. Glutamine and asparagine have been isolated from 
hydrolysates obtained by the action of enzymes upon edestin and gliadin^^ 
Since the distal carboxyl groups are tied off in glutamine and asparagine, 
they could not have been free to combine with amino acids in peptide 
linkage. The state of dicarboxylic acid groups not bound as amide is not, 
of course, settled by this argument, but all available evidence is compatible 
with the view that the a-carboxyj groups are bound in peptide linkage, 
while the distal carboxyl groups not bound as amide are free to ionize. 

4. The hydroxyl groups in the oxyamino acids are probably free; except 

“ Van Slyke, D. D., and Birchard, F. J., J. Biol. Ckern,, 16, 539 (1013-14). 

iBSkraup, Z. H., and Kaas, K., Ann., 351, 379 (190b; Kossel, A., and Weiss, F,, Z. Physiol. Chem,, 78, 
402 fl912)_. 
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in the phosphoproteins, in which some hydroxyl groups (especially those of 
serine, threonine and oxyglutamic acid) are bound in ester linkage to 
phosphoric acid groups^’ This has been inferred from the equivalence of 
carboxyl and a-amino groups liberated during enzymatic digestion. The 
conclusion is probably correct, although, as we have already had occasion 
to point out, the titrations on which it is based are not extremely accurate. 

Two additional lines of evidence indicate that the linkages in proteins 
are between carboxyl and a-amino groups of amino acids. No enzyme 
has yet been found which will split any of the other conceivable types of 
linkage discussed above. Thus glutathione — y-glutamyl-cysteinyl-glycine 
—is split in one point, the cysteinyl-glycine linkage, by carboxypeptidase. 
No other peptidase or proteinase will attack either this split product or the 
original glutathione; the Y-glutamyl-cysteinyl* linkage is resistant to all 
of them (reference 10, p. 469). Other evidence on this point, though 
relatively scanty, points in the same direction. Further study of a variety 
of synthetic substrates would be desirable to settle this point more def- 
initely. 

The other line of evidence comes from the x-ray diffraction studies dis- 
cussed in Chapter 14. The data so obtained, at least for' the fibrous pro- 
teins, are most naturally interpretable on the assumption of a regular 
succession of peptide linkages between 'a-amino and carboxyl groups. 
Thus the cumulative weight of the evidence indicates that other types of 
linkage between amino acids, if present at all in proteins, are rare. . 

The Protamines, and the Structure of Clupein 

As yet, the detailed structure of no protein is known with anything 
approaching certainty. The class of proteins for which the structural 
pattern of the molecule is most nearly understood is probably, that of the 
protamines^^ those relatively small and strongly basic proteins which are 
obtained from the ripe sperm of certain fish. Within the cell, they appear 
to be combined with nucleic acids, and their extraction involves treatment 
with dilute sulfuric acid or cupric chloride. Necessarily, therefore, the 
protamines as isolated are decomposition products of the substances pres- 
ent in the spermatozoa, and the exact degree of decomposition in their 
preparation is unknown. The same may indeed be said of any extracted 
tissue protein. For the present, however, we may concentrate our atten- 
tion on the properties of the protamines as isolated, since their study is an 
essential preliminary to the understanding of the larger complex present 
in the spermatozoon. Among the simplest and the best known of the 
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protamines are salmine (from salmon) and clupein (from herring). Both 
of these protamines contain approximately 88% of their nitrogen as argi- 
nine nitrogen. In the following discussion, though available data con- 
cerning salmine are similar, we shall deal chiefly with clupein, the most 
carefully studied of all the protamines. Clupein was studied analytically 
by Kossel and Dakin^^, who isolated amino acids in the proportions: 2 
valine, 1 serine, 1 alanine, 1 proline, 10 arginine. Practically identical 
results were reported by Waldschmidt-Leitz^^, while Felix, Inouye and 
Dirr^"^ reported the isolation of oxyproline. All workers agree that arginine 
is present in the ratio of two moles to one mole of monoamino (or imino) 
acid. There is clear evidence^^, however, that clupein as ordinarily pre- 
pared is a mixture of different substances, very similar in character, but 
differing in the nature or arrangement of the monoamino acids present. 

Mild acid hydrolysis (reference 21, p, 45) leads to the formation of tri- 
peptides, known as protones, from simple protamines such as clupein and 
salmine. These contain two molecules of arginine (A) to one of mono- 
amino (or imino) acid (M); their structure is probably: M — A — ^A, the 
free carboxyl group being on the terminal arginine. The evidence from 
enzymatic studies suggests that clupein is built up from a succession of 
such protones. 

The application of proteolytic enzymes to elucidate the structure of 
protamines was begun by Kossel (reference 21, p. 40), and later carried 
on by Waldschmidt-Leitz and his coworkers, and by Felix and others^^ 
Indeed, a fairly explicit formula for clupein was proposed by Waldschmidt- 
Leitz and Kofranyi^^ on the basis of degradation with a succession of 
enzymes specific for certain types of peptide linkage, and isolation of 
amino acids or peptides split off at each step. They concluded that their 
results were compatible only with the formula 

M— A— A~M— A— A— M— A— A— P— A— A— M— A— A 

where A denotes an arginyl residue, P a prolyl residue, and M a mono- 
amino-monocarboxylic acid residue. (The order of the various mono- 
amino acids remained undetermined.) This formula leads to a molecular 
weight of 2021 for clupein. The careful studies of Rasmussen and Linder- 
str0m-Lang^®, however, led consistently to a minimal equivalent com- 
bining weight just twice as great as this. In any case, however, the mole- 
cule is extremely small as compared with most proteins. 

f Kossel, A., and Dakin, H. D., Z. Physiol, Chem., 41, 407 (1904). 

^ Waidschmidt-Leit25, E., Ziegler, P., Schaffner, A., and Weil, Ij., Z. Physiol, Chem.^ 197, 219 (1931). 

FeUx, K., Inouye, K., and Dirr, K., Z, Physiol. Chem,, 211, 187 (1932). See also ibid,, 218, 269 (1933); 
349 , 111, 126 (1937). 

26Raaniiissftn TT Ti! rr 
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Cosubstrates ib Proteolysis 

It is not improbable that the structure of clupein, as proposed by Wald- 
schmidt-Leitz is approximately correct. Serious doubts are raised, how- 
ever, as to the significance of the products isolated from proteins by 
enzymatic hydrolysis, owing to some recent work of fundamental im- 
portance by Bergmann and his coworkers. . It was first shown^* that 
typical proteolytic enzymes can readily effect not only hydrolysis but also 
synthesis of peptide bonds. Thus, in the presence of activated papain, 
benzoyl-l-leucine was found to react with Z-leucine anilide, to form benzoyl- 
Weucyl-Z-leucine anilide; and many other similar syntheses could be 
achieved. This led to a further and even more important discovery; it 
was found that a peptide, not split by a given enzyme when alone, might 
be readily split in the presence of another peptide which itself could be 
recovered unchanged at the end of the reaction. For exa,mple, papain 
does not split glycyl-leucine, neither does it split acetyl phenylalanyl 
glycine. In the presence of both substrates, however, the enzyme breaks 
down the glycyl leucine'*® to glycine and leucine; acetyl phenylalanyl 
glycine is found unchanged at the end of the reaction. The interpretation 
given by Bergmann is as follows: a small degree of synthesis first occurs, 
and leucine is then split off by the enzyme from the synthesized peptide. 

Acetyl phenylalanyl glycine ■+• Glycyl leucine — > 
acetyl phenylalanylglycylglycyl leucine 

i 

acetyl phenylalanylglycylglycine. -1- leucine 

The enzyme then acts further to split off the terminal glycine residue, 
regenerating the acetyl phenylalanyl glycine, which thus acts as a “co- 
substrate,” enabling papain to split glycyl leucine, although it is not itself 
split in the process. 

The application of such experiments to protein hydrolysates is obvious. 
The process of degradation of a protein by an enzyme can no longer be 
looked upon as merely a progressive hydrolytic splitting to simpler and 
simpler molecules. Two peptides produced by hydrolysis may interact to 
give synthetic combinations; and such S3mthetic peptides may then undergo 
secondary breakdown to products quite different from those that would 
have been produced by the enzymes acting on either of the original peptides 
alone. The synthetic action of the enzyme may rearrange the amino 
acid residues into an order quite different from that existing in the original 
protein before hydrolysis. Therefore until the rules governing the possi- 
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can be drawn from enzymatic degradation studies concerning the grouping 
of amino acid residues in a protein molecule. 

The Hypothesis of Bergmami and Niemann 

On the basis of analytical data, Bergmann and Niemann^*^’ concluded 
that certain simple numerical relations hold between the amino acids in 
any protein. Their hypothesis is that the total number of amino acid 
residues in a protein molecule is expressible by the formula 2”" x 3”, where 
m and n are integers { 9 ^ zero) ; and the number of residues of any individual 
amino acid is 2 "^' x 3”' where m' and n' are integers or zero. As one typical 
example of their calculations we may take silk fibroin (Table 2), which has 
an amino acid composition of remarkable simplicity^^. Aside from the 
observed analytical values given in .the table, an estimate of the mean 
residue weight of all amino acids formed on hydrolysis is necessary to 


Ta.ble 2. Ratio of Amino Acids in Silk Fibroin after Hydrolysis According to 

Bergmann and Niemann 


Reciprocal fraction 

Gram molecules iier 100 of total number 

Weight Molecular grams protein of residues 

Amino acid (per cent) weight Found Calculated Ratio (frequency) 

(1) (2) (3) (4) (5) (6) 

Glycine 43.8 75 0.5840 (0.5840) 1,296 2 

Alanine 26.4. 89 0.2966 0.2920 648 4 

Tyrosine 13.2 181 0.0729 0,0730 162 16 

Arginine 0.95 174 0.0055 0.0054 12 216 

Lysine 0.25 146 0.0017 0.0018 4 648 

Histidine 0.07 155 0.00045 0.00045 1 2,592 


The basis of the calculated values is the observed figure for glycine, 0.5840 in Column 3. 

Values for lysine and histidine from H. B. Vickery and R. J. Block, J. Biol, Ckerri., 93, 105, (1931); other 
values from M. Bergmann and C. Niemann, J, Biol, Chem., 122, 677 (1938). 


calculate the figures given in the last two columns of the table. This 
mean residue weight was estimated as 84 for silk fibroin : a figure involving 
little doubt in this case, since most of the amino acids formed on hydrolysis 
have been determined. 

If the analytical figure given for histidine is accepted, it follows that 
silk fibroin contains 2592 = 2^ X 3^ amino acid residues per molecule, or 
some integral multiple of this number. If it is assumed that the histidine 
arises from an impurity which does not really belong to the silk fibroin 
molecule, and this figure is omitted, the minimum number is halved, to 
give 1296. In either case, the number of residues of each amino acid 
present (Table 2, Column 5) is expressible by the formula 2’”' x 3""'. The 
reciprocal fraction of the total number of residues contributed by each 
amino acid (Table 2, Column 6) has been called by Bergmann and Nie- 
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conception that each amino acid occurs in the peptide chain at regular 
intervals; glycine forming every alternate residue, alanine every fourth, 
tyrosine every sixteenth, and so on. This, of course, does not necessarily 
follow even if it is true that the formula 2”"' X 3”' holds for each type of 
residue; but the long periodic spacings revealed by x-ray diffraction data 
on proteins (Chapter 14) render some hypothesis regarding periodicity very 
attractive. 

A relatively simple molecule, for which the formula of Bergmann and 
Niemann appears to hold, is secretin, the composition of which has been 
studied carefully by Agren®^ The total nitrogen content (14.53 =b 0.18%) 
and sulfur content (0.675 =b 0.005%) have been accurately determined, and 
the molecular weight has been estimated by ultracentrifugal measurement 


Table 3. Composition of Secretin* 


Gm moles/lOO gm secretin 


Amino acid calculated found 

( 1 ) ( 2 ) 

Lysyl 0.063 0.062 

Arginyl 0.042 0.039 

Prolyl 0.042 0.042 

Histidyl 0.021 0.026 

Glutaminyl 0.021 0.020 

Asparaginyl 0.021 0.021 

Methionylt (0.021) 0.021 


No. of residues 
per mole secretin 
(3) 

3 

2 

2 

1 

1 

1 

1 


Reciprocal fraction 
of total number 
of residues 
(frequency) 

(4) 

12 

18 

18 

36 

36 

36 

36 


Values in Column 2 are from G. Agren, Skand. Arch. PhyaioL, 70, 10 (1934); J. Phyaiol.^^Ht 663 (1938-39), 
on secretin, chloride dried in vacuo over PsOs at 50®, All analytical figures are corrected for ash content oi 
secretin. 

* From C. Niemann, Proc. Nat, Acad, Set., 25, 267 (1939). 

I The basic figure (0.021) is that of the sulfur content, provisionally taken as methionyl sulfur, since no 
labile sulfur was found in secretin. 

The glutaminyl and asparaginyl values are taken as the mean of one-half of the amide nitrogen as de- 
termined by the Van Slyke method. 


to be near 5,000. The content of basic amino acids and of proline has 
also been determined. There is no labile sulfur; the sulfur present is 
therefore due presumably to methionine. Approximately one mole of 
aspartic and one of glutamic acid were isolated, per mole of secretin; also 
two molecules of amide nitrogen. Utilizing these figures, Niemann^^ has 
calculated that there are 36 «= 3^x 2^ amino acid residues per mole of secre- 
tin, and the numbers of the' known residues are as follows (Table 3) . 

Some residues of aspartic or glutamic acid, or both, may be present in 
addition to those isolated; for Agren (33) has determined the isoelectric 
point of secretin as 7.5, and at this pH the molecule must carry five positive 
charges (three from lysyl and two from arginyl residues). Five negative 
charges must therefore be present to make the molecule isoelectric, and 
these would most probably be carboxylic groups arising from aspartic or 
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glutamic acid, with the terminal carboxyls not bound in amide linkage. 
The figures given in Table 3, for all residues yet isolated, are in accord 
with the hypothesis of Bergmann and Niemann . 

This hypothesis has also been applied to the analytical data on blood 
fibrin, cattle hemoglobin, egg albumin, gelatin®^' insulin®® and other 
proteins. In seeking further tests of its validity, two fundamental condi- 
tions must be met: (1) The protein to be analyzed must be a pure chemical 
individual, and it is often diflS.cult to prove that this condition is satisfied. 

. In any case, the protein to be studied must satisfy as many different criteria 
of purity as possible. Apart from analytical evidence, ultracentrifugation, 
electrophoresis and solubility measurements provide particularly important 
criteria®®. All these are discussed in subsequent chapters. (2) The 
methods of analysis employed must be reliable within two or three per 
cent, and should be better if possible. Most methods used in the past for 
estimating the amino acid content of proteins have not met this standard, 
though recent important advances in this field, discussed in Chapter 15, 
give hope that in the future this standard may well be met. Every ad- 
vance in the analytical and preparative chemistry of the proteins may be 
expected to advance also their structural chemistry. 

35 du Vigneaud, V., Cold Spring Harbor Symp. Quant. Biol., 6, 275 (1938). 

36 Pirie, N. W., Biological Reviews (Camb. Phil, Soc.), 15, 377 (1940). 



Chapter 14 

X-Ray Diffraction Studies and Protein Structure 

By John T. Edsall 

Interatomic Distances in Amino Acids and Diketopiperazine 

X-ray diffraction studies have already yielded valuable information 
concerning the nature 5f protein fibers and crystals, and they promise to 
yield far more in the future. Since it has been shown in the preceding 
chapter, however, that the amino acids in proteins are bound together by 
peptide linkages, we may first consider the nature of spatial arrangements 
to be expected in a simple extended polypeptide chain. As yet, the 
structure of no peptide has been determined by x-ray diffraction methods. 
Valuable evidence is, however, available from the very exact studies of 
Corey and his co-workers on glycine^ alanine^ and diketopiperazine^ 
(The earlier studies of Bernal, and of Hengenstenberg and Lenel, on amino 
acids, are discussed in Chapter 8). 

The structure of the diketopiperazine molecule is given by the diagram 
in Fig. 1. It is a nearly plane hexagon, with the angles between all bonds 
in the ring equal to 120 db 3°. Because of resonance in the peptide linkage, 

1 , - I + 

between the structures 0 =C — ^NH — and 0 — C— NH — , the C — 0 (1.25) 
andC — (1.33) distances in this group are nearer to those characteristic 
of double than of single bonds. The N — CH 2 distance (1.41) is much 
shorter than the C — single-bond distance (1.47) found in several other 
compounds, such as CH3NO2, CHsNa, CH3NC and N(CH3)3^, but agrees 
well with that found in glycine (see below). The C — C distance (1.47) is 
also much shorter than the normal single-bond distance (1.64 A). 

“In crystals of diketopiperazine the molecules are linked together by 
hydrogen bonds between their respective oxygen atoms and =NH groups 
to form flat continuous chains throughout the structure.” (Reference 4, 
p. 232.) (Fig. 2). Such hydrogen bonds may be important in the struc- 
ture of polypeptides, and of protein crystals and fibers, since they offer 
a Dossible exnlanation for the cohesive forces which hold adjacent peptide 




The form of the glycine molecule^ and the interatomic distances in 
it, are shown in Fig. 3. The cn-carbon atom lies in the plane of the COO"' 
group, while the nitrogen atom is slightly (0.268 A) above this plane. The 
interatomic distances (probable error ± 0.02 L) and bond angles are 
entirely consistent with those found in other molecules with similar bonds. 



;i Figure 1. A diagram of the molecule of diketopiperazine. Figures give inter- 

i atomic distances in Angstrom units. Angles between all bonds are close to 120°. 

(From R. B. Corey, Chem. Rev., 26, 227 (1940), Fig. 1, p. 230). 



Figure 2. View perpendicular to the (101) plane of the diketopiperazine crystal, 
showing chains of molecules held together by hydrogen bonds (double lines) 
2.85 A in length between oxygen atoms and =NH groups. (From R.. B, Corey, 
Chem. Rev., 26, 227 (1940), Fig. 2, p. 232.) 


except for the H 2 C— N distance (1.39 A) which, like that in diketopipera- 
zine, is lower than that found in many other compounds. In the original 
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B 


Figure 3. The molecule of glycine viewed (A) perpendicular to a plane con- 
taining the two oxygen and the a-carbon atoms, and (B) parallel to this plane. 
(FromR. B. Corey, Chem. Rev., 26, 227 (1940), see Fig. 3, p. 233.) 
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The same is true of the very careful and detailed study of the crystal 
structure of dZ-alanine by Levy and Corey^ Here again we shall give only 
the configuration of the alanine molecule (Fig. 4). This is entirely in 
accord with the findings on glycine and other simple molecules, as regards 
both interatomic distances and bond angles; the C — CHs distance shows 



Figure 6. A diagrammatic representation of a fully extended polypeptide 
chain, based upon the interatomic distances and bond angles found in crystals of 
diketopiperazine and glycine. The double-dashed lines represent resonating 
bonds (1.33 A) between the ketocarbon and nitrogen atoms. (From R. B. Corey, 

I Chem. Rev., 26, 227 (1940), Fig. 4, p. 233.) 

^ the usual value of 1.64 A; the C — distance is 1.42 A, a little longer than 

in glycine but identical within the limits of experimental error. Other 
dimensions are shown clearly in the figure. 

( 
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values chosen for the bond distances in this chain are obvious in terms of 
the data shown in Figs. 1, 3 and 4. The bond angles about the carbonyl 
carbon and the nitrogen atoms are assumed to be 120° as in diketopipera- 
,zine. Around the oj-carbon atoms the bonds are assumed to be arranged 
in nearly tetrahedral fashion, except that the C — C — N bond angle is 
taken as 116°, a mean of the values found in glycine (112°) and diketo- 
piperazine (120°). The fully extended chain is coplanar, with the C=0 
oxygen atoms and the N — hydrogen atoms in the plane of the chain. 
The distance along the chain corresponding to one amino acid residue is 
3.67 A. Since the spatial configuration of the groups around the a-carbon 
atom on all amino acid residues found in proteins’ is the same, the side 
chains R', R", R'" . . . attached to the a-carbon atoms point alternately, 
first (R^ R'^O to the left and upward from the plane of the chain, next 
(R") to the right and downward from this plane. 

We may now consider the relation of this model to actual proteins which 
have been studied by x-ray diffraction methods. These fall into two great 
classes. The fibrous proteins include such substances as silk fibroin, kera- 
tin, myosin, and collagen. These, as their name implies, are found in 
nature as essential components of long, thin fibrous structures (silk fiber, 
wool or hair, muscle, tendon). The so-called ^‘globular^^ proteins include 
practically all the truly crystalline proteins so far examined, such as egg 
albumin, crystalline serum albumin, the hemoglobins, the hemocyanins, 
pepsin, trypsin, and the other crystalline enzymes thus far described. 
Many of these proteins, perhaps most, are not truly globular in the sense 
of being spherical®, but in contrast to the extremely elongated fibrous 
proteins they deviate relatively little from the spherical shape. It is 
among the fibrous proteins, if anywhere, that we may expect to find struc- 
tures resembling the elongated polypeptide chain pictured in Fig. 5. 
This class of proteins may therefore be considered first. 

The Fibrous Proteins 

Many sorts of protein fibers from different tissues have been examined, 
but all appear to belong to one of 'Two groups: (1) the keratin-myosin 
group; (2) the collagen group. Within the former group, the first protein 
studied in detail by x-ray methods was silk fibroin®. The chemistry of 
this protein is of remarkable simplicity^; one-half of all the amino acid 
residues are glycine, one-quarter alanine, one-sixteenth tyrosine. Definite 
but small amounts of lysine and arginine are present, and an extremely 
small quantity of histidine. 
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The x-ray photographs® of silk fibers show many well defined spots, and 
have a considerable resemblance to those obtained on simple crystalline 
substances. In particular, there is a well marked periodicity of 7.0 ± .2 A 
along the fiber axis. This fits extremely well with the hypothesis of a 
repeating unit, two amino acid residues in length, along this axis. The 
distance along the chain, per residue, would then be 3.5 A, only slightly 
below that deduced from the model shown in Fig. 5. The combination of 
the x-ray and chemical evidence here leaves little doubt that the silk fiber 
is made up of extended polypeptide chains. That the chains are almost 
fully extended is an assumption in accord with the mechanical properties 
of the silk fiber, which has only a small range of reversible elasticity, and 
always becomes permanently elongated when stretched more than a few 
per cent. The stretching brings about no fundamental change in the x-ray 
pattern — ^in marked contrast to the behavior of keratin on stretching, 
which is discussed below — and presumably involves only a displacement 
of the different polypeptide chains relative to one another, along the 
line of the fiber axis. 

A number of spacings in the equatorial plane (perpendicular to the fiber 
axis) have been reported for silk fibroin, the most prominent being at 
4.3 and 4.6 A. Several attempts have been made to define a unit cell for 
the fiber on the basis of all these data. Meyer and Mark® for example 
showed that the x-ray data could be fitted by a monoclinic unit cell {a = 
9.68 Kyh = 7.0 Ay c ^ 8.80 Ay a ^ 75^500 containing four parallel glycyl- 
alanyl residues, glycylalanyl being regarded as the repeating unit®. Un- 
fortunately such a cell would not accommodate the tyrosyl residues, which 
are invariably found as part of the fibroin structure, and various special 
and uncertain hypotheses have been proposed to meet this difficulty; in 
particular it has been suggested that the tyrosine is part of an amorphous 
structure within the fiber, and is distinct from the chain giving the true 
crystalline pattern®. The situation needs further clarification; but the 
correlation of the 7 k spacing along the fiber axis with an extended peptide 
chain appears in any case to be well founded. 

The fibrous protein keratin, as found in hair, horn, or wool, also gives 
well defined fiber diagrams, although these are generally not so sharp or so 
rich in detail as those of silk fibroin. The principal spacing in the direc- 
tion of the fiber axis is not 7 A, but 5.1 A, and the other details of the 
photographs are quite different. Keratin also differs radically from silk 
fibroin in being reversibly extensible, up to about double its original length, 
the stretching occurring with relative ease when the hair is soaked in hot 
water or in dilute solutions of alkalies. The x-ray diagram given by 
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keratin in the fully extended hair is quite different from that of the un- 
stretched hair, showing a much greater resemblance to that of silk fibroin. 
In particular, there is a well marked spacing, along the fiber axis, of ap- 
proximately 3.4 This is significantly lower than the 3.67 L calculated 
from Fig. 5 for a single residue in a fully extended polypeptide chain, but 
it is entirely compatible with an extended but slightly distorted chain, 
perhaps differing from the fully extended chain by rotations around the 
C — C bonds (see ^). Astbury has called this extended form of keratin 
the iS form, the unstretched form found in natural hair- being known as 
n-keratin^^. 

The /3-keratin fiber diagram shows two prominent equatorial spacings, 
at 10 and at 4.65 A. These spacings are not only at right angles to the 
axis of the fiber; they are also at right angles to each other. In’/^-keratin, 
as ordinarily prepared, this is not apparent; but Astbury and Sisson^^ 
succeeded, by lateral compression of keratin (horn) in steam, in bringing 
about a reorientation of the fibrous molecules so. that the 9.8 k spacing 
stanjls normal to the, plane of flattening, and the 4.65 k spacing lies in this 
plane. The horn must be treated with steam during the process of com- 
pression in order to make the structure more labile. 

A highly probable interpretation of these spacings has been given by 
Astbury^^. We may picture an assembly of polypeptide chains, each chain 
similar to that in Fig. 5, lying side by side in the plane of the paper, the 
distance between the axes of adjacent parallel chains being 4.65 A. The 
side chains R', R", R'" . . . project above and below this plane. Other 
sets of parallel peptide chains lie above and below the plane of the paper, 
being separated due to the side chains by an interval of 10 A. The main 
chains, separated by the ^^backbone^^ spacing of 4.65 A, may well be held 
together by hydrogen bonds (C=0* • -H — N) between the CO and NH 
groups in adjoining peptide chains^^. A diagram of this structure is given 
in Fig. 6. The association of the 9.8 A spacing with the side chains is 
made more probable by the observation^® that this spacing alone is altered 
when keratin and other related proteins absorb water. It changes from 
about 9.8 A, in a dry protein, to as much as 10.8 or more in the same pro- 
tein when wet. The entering water would naturally tend to fit in most 
readily among and between the side chains in this structure, leaving the 
3.4 and 4.65 A spacings practically unaltered. 

Astbury, W. T., and Street, A,, Phil. Trans. Roy. Soc., London, A230, 76 (1931); Astbury, W. T., and 
Woods, H. J., A232, 333 (1933-34). 

11 Concerning the exact value of t^r- * i \ -•■■•■ri* i;. ^ ■ ■ . i.‘ ■’ v.’ "Ov.; 

to an inherent lack of definition and : ■•r-- ■. ■ ■ ■ ... ■■ : j- . { ■ - ...iji-**: 

of biological subjects can rarely be mr; :r i. ■ ■■■ .i. ■ *1 : ii * ■:.? 

the fibre axis of /3-keratin is, like thau ui a-«.eiauiu, anguuy vanauie accoruiug to previous treacmeni ana tne 
stat c of tension. The mean value of the anaeini? of the rn2n> are nrtnAnra in Via a an A ” 
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If a fiber of /3-keratiii is released soon after stretching, it contracts 
again to the a-form. Since the transformation is reversible, the peptide 
chain is presumably unruptured in both forms. Since in jS-keratin the 
chain is nearly fully extended, in the a-form — only half as long — ^it must be 
somehow folded. Furthermore, the folding must take place in the plane 
of the chains — ^the plane of the paper in Fig, 5 — ^for the side chain spacing 
remains practically unaltered by the change between the ^ and a-form. 
The 5.1 A spacing may be associated with a unit of three amino acid resi- 
dues in the peptide chain; since 5.1 A in the a-form is equivalent very 



(■^ 3.67 A 

Figure 6. Diagrammatic scheme for the structure of jQ-keratin (stretched wool, 
hair, etc,), (a) view perpendicular to an extended polypeptide grid, (b) View 
parallel to a series of grids fined mce to face to form a sub-microscopic j8-crystal- 
lite. The a-configuration may be derived from (a) by folding the main-chains in 
planes roughly perpendicular to that of the paper. (After W. T. Astbury and 
K. Loniax, J. Chem. Soc., 1935, p. 847.) 


nearly to 10.2 A in the ^ form; and- 10.2 « 3 X 3.4, the length of the princi- 
pal axis spacing in /3-keratin. At present, the nature of the folds in a- 
keratin cannot be more precisely defined. A specific model for a-keratin 
earlier suggested^® has been shown by Neurath^^ to involve closer approach 
between the atoms of adjoining side chains than is possible in the light of 
modern crystal structure data; and Astbury^^ has therefore abandoned 
his earlier scheme, A model for the folding involved in the trans- 
formation has very recently been proposed by W. T, Astbury and F. 0. 

Tiy^nl7fl nnu u hC 4. «ii 
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present experimental data is probably very great, and much further work 
is required to determine the nature of the actual pattern. 

A keratin fiber stretched in steam or dilute alkali, and then immediately 
released, will often contract to about two-thirds of its initial unstretched 
length, a phenomenon termed ^‘supercontraction’^ by Astbury and Woods 
(10). The effect of the steam or alkali is to loosen the linkages between 
adjacent side chains, and thereby render it easier for the peptide chains 
to fold or unfold from one configuration to another. The super contracted 
form of keratin must obviously involve an even more extensive folding 
of the peptide chain than that found in a-keratin. 

The principal globulin of muscle, myosin, can be drawn into fibers or 
dried in films and stretched. These fibers or films give an x-ray diagram 
strikingly similar to that given by muscle^^’ which in the relaxed state 
gives a fiber diagram remarkably similar to that of keratin. There is 
little doubt that the optical and mechanical properties of muscle are 
determined primarily by bundles of myosin molecules lying parallel to the 
axis of the fiber. It is therefore of great importance that Astbury and 
Dickinson^® have shown that myosin can be obtained in a, and 
supercontracted forms, closely comparable to those of keratin, and with 
spacings identical within the limits of experimental error. They suggest 
that, since the myosin in relaxed muscle is in the a-form, the process of 
muscular contraction involves a transformation from a to supercon- 
tracted myosin. Myosin is, of course, very different from keratin in its 
chemical composition, notably in its much lower cystine content, but there 
is evidently a common underlying pattern of molecular architecture in the 
two compounds, based on the general pattern of the peptide chain and the 
manner of its folding. The true resemblance, however, is not between 
myosin and natural keratin, but between myosin and keratin which has 
been made labile by steam or alkali, so that it has become capable of 
supercontraction; the finks between side chains in natural keratin are far 
more tenacious than in myosin. This greater lability of- myosin than of 
keratin corresponds to its biological function, and may be correlated with 
its much lower cystine content^®. 

Collagen, as found in connective tissue, tendon, cartilage, and other 
tissues, represents a fibrous protein built apparently on a different plan 
from the silk fibroin-keratin-myosin group. Chemically, collagen fibers 
are notable for their high content of proline and hydroxyprolirfe, amounting 
to a little less than one-third of all the residues present; glycine is generally 
present to about another third; the other residues are made up by a variety 
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of amino acids. The principal spacing along the fiber axis is about 2.86 A, 
and this appears actually to correspond to the average length along the 
chain per amino acid residue. There is a ^ ^backbone” spacing of about 
4.4 A (very diffuse), and a side-chain spacing of about 11.5 A (in wet 
gelatin). The point most requiring explanation is that the 2.86 A spacing 
is so much shorter than the 3.4 A spacing in j0-keratin, although collagen 
fibers are practically inextensible. Several models have been proposed to 
explain this, by Astbury and others. In the latest^\ the peptide chain is 
pictured as of the form: 


P_G— R— P-^G— R— P— a— R 

where P (with the exception of one residue in eighteen) denotes proline or 
hydroxyproline, G glycine, and R one or another of the remaining residues : 

/\ /\ 


N— CH CH 2 NH N— CH 

/\ /\/\ /\ 

C— NH C CH— C C- 


-C 

II 

0 


o 


0 


R 


o 


0 


Collagen Fiber Axis 

Astbury ’s paper gives details of the spatial configuration of the model. 
The total length along the chain for three residues works out as 8.55 A, or 
2.85 per residue. This picture is certainly attractive, and skilfully takes 
account of the high proline and glycine content of collagen. Final tests of 
its validity remain to be obtained. 

The “Globular” Proteins. These, the true protein crystals, differ from 
the fibrous proteins in giving, in the undenatured state, x-ray diffraction 
patterns of extraordinary complexity and very sharp detail, with a very 
great number of different spacings. Such photographs could not, how- 
ever, be obtained until the necessary conditions were found to prevent 
alteration of the crystal. Bernal and Crowfoot^^ found the essential condi- 
tion to be that the crystals be surrounded by mother liquor, since even 
moderate drying of most protein crystals produces marked alterations in 
the x-ray diagrams. The usual technique is to draw up a single crystal, 
surrounded by its mother liquor, into a thin-walled capillary tube, which 
is then sealed. The tube and its contents can then be mounted, and ex- 
posed to the x-ray beam. Bernal, Crowfoot, Fankuchen, Riley and others 
have now examined pepsin, chymotrypsin, horse methemoglobin, lacto- 
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Table 1. X-Ray Data on Crystalline Proteins 
(Prepared by I, Fankuchen) 
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tobacco seed globulin by this method. For each of these substances the 
crystal class, and the form of the unit cell, have been determined. In most 
cases they have studied the crystals both in the wet state and when dry 
(partly denatured). If the density, p, of the crystals is also known, a 
simple way of determining the molecular weight (M) is available, for if the 
‘unit cell is of volume V, and contains n molecules, the mass of one molecule 
Vp/Uj and the molecular weight is N ^ 6.022 x 10^^ times as great; whence 

M = ^ X (6.022 X 10'^) X 10"'' = 

n 1.66n 

if V is expressed in cubic Angstroms (1 == 10“^^ cm^). 

is always a small integer, the value of which may generally be 
readily determined from other data which approximately fix the molecular 
weight of the protein. It is to be noted that the molecular weight calcu- 
lated from this formula, for a hydrated crystal, is the molecular weight of 
the protein hydrate, not that of the anhydrous protein. 

Unit cell dimensions, densities, and molecular weights of a number of 
proteins are given in Table 1. These data give information, not only con- 
cerning molecular size, but in some cases also concerning shape. Thus 
Perutz^^ has concluded from a study of hemoglobin, which crystallizes with 
a monoclinic unit cell containing two molecules, that the molecules cannot 
fit into the cell unless their shape does not differ widely from the spherical; 
probably the ratio of the long to the short axis cannot be greater than 2:1. 
Crowfoot and Riley^^-.^^® have drawn similar conclusions concerning the 
shape of the lactoglobulin molecule. In this case there are eight mole- 
cules in the unit cell; but given the dimensions of the cell and the size of 
the molecule, the possible type of packing in the cell severely limits the 
possible shapes which the molecule might assume, so that the axial ratio 
is almost certainly not greater than 2: 1 or 3:1^. 

These simple deductions can be drawn with the aid of only a very meager 
portion of the wealth of detail shown in the crystal photographs. A very 
great number of well defined spacings are revealed, some very long (over 
100 A), others as low as 2 or 3 A. Hemoglobin, lactoglobulin, chymo tryp- 
sin and insulin crystals, in the wet state, all show very definite reflections 
corresponding to spacings of only 2 A. “This”, as Bernal, Fankuchen and 
Perutz^^ remark, “proves the complete internal regularity of the protein 
molecules down to atomic dimensions.” In the above mentioned crys- 
tals, all these smaller spacings disappear from the photographs when the 
crystal is dried; the dry crystals show no spacings lower than about 8 A 
(in hemoglobin none below 20 A) . Recently, however, Fankuchen^® has 
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shown that dry crystals of the enzyme protein ribonuclease show 
definite reflections corresponding to spacings as low as 3 A, Since the 
molecular weight of this protein is only about 13,000 (4 molecules per 
unit cell), further study of the crystals may yield results of very great 
interest. 

Virus Proteins. Important results have been obtained by the study of 
tobacco mosaic virus and other viruses^^' Tobacco mosaic virus in a 
solution of medium concentration in water divides into two layers on 
standing^®. The top layer (concentration 1.6 to 4%) is an isotropic liquid 
which becomes birefringent during flow, indicating the presence of elon- 
gated asymmetrical particles (see Chapter 21). The bottom layer, in 
equilibrium with it, is spontaneously doubly refractive and consists of 
regions in which the particles are parallel. The x-ray studies of Bernal 
and Fankuchen^^ have shown that the particles are also equidistant, and 
in cross-section are arranged in a sirnple hexagonal pattern (two-dimen- 
sional hexagonal close packing). The distances between the particles de- 
pend only on the concentration, showing that their distribution is homoge- 
neous. Very concentrated preparations (above 30 per cent virus) have 
gel-like properties, and become stiffer with decreasing water content, but 
there are no abrupt transitions. The minimum distance between the 
particles in the wet gels is about 175 A, but the hexagonal pattern is the 
same in these gels as in the most dilute bottom layer solutions studied by 
x-rays. Only the spacing of the pattern varies with concentration. On 
drying, further shrinkage occurs, and the air-dried gel has an interparticle 
distance of only 152 A. “In these gels the arrangement of particles in the 
cross-section is so perfect that each specimen is a two-dimensional single 
crystal. The conclusion of this study is that the virus preparations con- 
sist of approximately cylindrical particles about 150 A in diameter.” 
(Reference 28, p. 163.) The length of the tobacco virus particles is at 
least ten times their diameter (see Chapter 21). The forces which main- 
tain them equidistant and parallel in the gels are probably due to the ionic 
atmospheres surrounding them^®®- 

The foregoing discussion deals with the arrangement of the virus par- 
ticles in solution relative to one another; it is based on x-ray measurements 
of spacings which vary systematically with concentration. Other spacings 
are found, however, which are quite independent of concentratioii and are 
determined only by the internal structure of the virus particle. These 
particles, even in solution, have an inner regularity like that of a crystal. 
“The structure seems to consist of sub-units of the dimensions of approxi- 
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mately 11 A cube, fitted together in a hexagonal or pseudohexagonal 
lattice of dimensions — a « 87 A, c = 68 A . . , the particle seems to be vir- 
tually unchanged by drying and must therefore contain little water’^ 
(reference 28, pp. 163-164). Although the spacings found markedly re- 
semble those both of the fibrous and the globular proteins, tobacco mosaic 
virus exhibits definite differences from the proteins of either class. 

Most other plant viruses so far studied are like tobacco mosaic virus in 
consisting of very elongated particles. The tomato bushy stunt virus^®, 
however, crystalliases in the cubic system, and x-ray measurements sug- 
gest that the particles are not far from spherical. (See Table 1, also 
Chapter 19.) 

Tentative Inferences Concerning Protein Structure 

All the ‘^globular^' proteins are readily hydrolyzed by proteolytic en- 
zymes, Certainly, therefore, they contain polypeptide chains, although 
these chains must be built into a very systematic pattern of folds to ex- 
plain the very highly ordered structure revealed by x-ray photographs of 
protein crystals. A partial breakdown of this order, with disappearance 
of the shorter spacings, occurs when the crystals are dried. On treatment 
with denaturing agents, such as urea, a further breakdown of this ordered 
structure occurs and the resulting products aggregate on coagulation into 
fibrous bundles which have been shown by x-ray study to be of the 
jS-keratin type^^ This work, largely on egg white and the seed globulins, 
indicates an intimate relation between the fibrous and the globular pro- 
teins. It implies that the globular proteins are potentially fibrous, and 
actually become fibrous in the last stages of denaturation. There are, of 
course, a very great number of intermediate stages between the highly 
organized protein crystal and the final product of its degeneration into a 
polypeptide chain of the /S-keratin type. 

There are grounds also for believing that the polypeptide chains them- 
selves show a systematic pattern, a certain sequence of amino acid residues 
repeating at regular intervals. The existence of such regularities is indi- 
cated also by the analytical studies of Bergmahn and Niemann, con- 
sidered in Chapter 13, which suggest simple ratios between the frequencies 
of different amino acid residues in many proteins, both fibrous and globular. 
Such a sequence might arise, either from the juxtaposition of similar mole- 
cules in a crystal, or from the regular repetition of a certain pattern of 
residues over and over again in a long polypeptide chain of the fibrous 
type®®. Either of these arrangements could give rise to very long spacings, 
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have^pointed out that the feather keratin of the fowl shows spacings of 
115 A normal to the fiber axis. Since the work of Astbury indicates that 
the fundamental units in keratin fibers are parallel polypeptide chains, 
these chains must be arranged in such a fiber with a high degree of pattern 
and regularity relative to one another. The whole x-ray pattern of feather 
keratin, indeed, shows a richness of detail and a complexity of structure 
that rivals that of the crystalline globular proteins. Both types of protein 
certainly show a far higher degree of regularity in structure than can be 
observed in stretched fibers of denatured proteins. Both the “fibrous” 
and the “globular” proteins show evidence of a complex pattern of molecu- 
lar and crystalline architecture whose details are yet to be' unravelled. 


The Cyclol Hypothesis 


A detailed hypothesis concerning protein structure has been put forward 
by D. M. Wrinch^\ This rests initially upon the assumption of a lactim- 
lactem transformation similar to that at one time suggested by Astbury 
for a-keratin^^, involving two amino-acid residues, which are supposed to 
form a closed hexagon. In Wrinch^s theory, however, these hexagons 
(“cyclols”) are supposed to be closely joined and organized into an ex- 
tended and highly systematic pattern. The simplest example of such a 
pattern is “cyclol 6” containing six amino-acid residues (Fig. 7). This is 
the prototype of many other more extended patterns which may be built 
up on the same principle. Initially the extension of such patterns would 
lead only to flat “grids,” but Wrinch has concluded that these structures 
should be geometrically capable of folding into structures which approxi- 
mate an arrangement which we might expect to find in the globular pro- 
teins. On the cyclol hypothesis, a limited number of types of space- 
enclosing molecules can be constructed, forming one or more series. In 
particular one series, Cn, takes the form of truncated tetrahedra and con- 
sists of 72n^ residues; these numbers might be modified if imino-acid resi- 
dues are present (reference 31c, p. 616). It must be remembered that all 
these structures are, as yet, hypothetical. No substances with a cyclol 
structure have yet been synthesized, and their chemical properties can 
only be inferred by analogy with other similar compounds. 

Wrinch has applied this reasoning in detail to the structure of pepsin®^ 
and insulin^^ Both of these proteins, if the cyclol hypothesis were correct, 
should belong to the class C 2 with 288 amino acid residues; but revealing. 
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of course, marked differences in crystal structure and chemical com- 
position. 

Later Wrinch and Langmuir®^ attempted to prove from the x-ray data 
of Crowfoot^^ on insulin that this molecule has the cyclol structure C 2 . 
The proof has been questioned by several workers in the x-ray field, 
who have concluded that the data available, and especially the methods of 
structure determination applicable to the' data at present, are still quite 
inadequate to determine even the general pattern of the atomic arrange- 
ment in such complex systems. In the words of Fankuchen, “Given a 
set of x-ray intensities, we can assume a structure based on some theory 
and then test our theory by a comparison of observed and computed in- 
tensities. For proteins, however, this testing must be done very carefully 
with one eye on the character of the data and another on the theory to be 
tested. Thus, if the x-ray data are limited in scope (as is often the case 


Figure 7. 

A ^/cyclol 6’^ molecule. 
Wrinch, D. M., Proc. Roy. 
London, A161, 505 (1937). 



for. proteins) agreement between observed and computed intensities can 
say nothing about any fine structure of the theory and indeed need not 
even be a confirmation of the large-scale details of the structure being 
tested^^ (reference 39, p. 161). 

The cyclol theory has also been criticized on chemical grounds, and on 
the ground that cyclol structures should be thermodynamically far more 
unstable than corresponding peptide chains — arguments set forth in detail 
by Pauling and Niemann^®. ' These authors, and also Neurath^^ and Hug- 
gins^\ have concluded that the side chains of the amino acid residues could 
not pack together as closely as demanded by the cyclol theory; and 


85 C: ■ ') V . / ■ 'V 

JjB.’.v:-. V. 1,:<. 

- :) . iM..: 


1 .J i 60, 2247 (1938). 

■■ I..; -• ■ (1938). 

■'{ *ii ■ i> Fankuchen. I., and Rilftv D iA% cQ*y 
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Huggins has proposed, as an alternative, some ingenious models derived 
by folding of extended zigzag polypeptide chains, and held together by 
hydrogen bonds. Such models avoid the metrical difficulties associated 
with the cyclol theory, but the interpretation of the x-ray diffraction 
patterns of the globular proteins is still not sufficiently advanced to allow 
any decision concerning their validity though it is to be hoped that a 
succession of stimulating hypotheses comparable to the “cyclol theory” 
will continue to be advanced. 



Figure 8. Patterson projections on the basal plane of the structure of (a) wet 
and (b) dry insulin. Arrangement of hexagonal arrays of points: (c) expanded 
(cf. wet insulin) and (d) ciosepacked (cf. dry insulin). From Crowfoot, D., 
Chem. Rev., 28, 215 C941) . 

Arrangement of Protein Molecules in Crystals: Patterson Projections 

As yet it is impossible to deduce interatomic distances, within a protein 
molecule or between adjoining molecules, from x-ray data. Crowfoot^^®, 
however, has obtained highly suggestive evidence for the presence of defi- 
nite molecules in the insulin crystals, and for the reorientation of these 
molecules when the crystals are dried. Fig. 8 (a and b) shows the Patter- 
son projections on the basal plane of the structure of wet and dry insuiin^^ 
BernaP^ has pointed out that all the observed peaks fall on a hexagonal net- 
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work, the axes of which lie at an angle to the crystallographic axes. The 
lower' diagrams, c and d, in Fig. 8, show the pattern of this hexagonal net- 
work in wet and dry insulin In each projection there is a group of 
eighteen peaks around the origin (centered around the corners of the 
parallelograms in Fig. 8, c and d) which have the same position, relative 
to each other, in both projections. The whole group at the origin is 
turned, relative to neighboring groups, through an angle of about 6° in the 
wet as compared with the dry structure. This might be explained by the 
hypothesis that “the insulin molecule itself has a structure in which the 
eighteen points of the network around the origin are occupied by units 
which are arranged in a Close packed array, not only within one molecule, 
but also with reference to the unit structure of neighboring molecules. 
The change from /dry to wet insulin then appears to involve an angular 
shift of the molecules from these close packed positions. Further, the new 
peak positions in the wet (0001) projection are not far from a second 
hexagonal network, which might again bring the unit points into close 
contact^^ (reference 24a, p. 225). On this interpretation, the gaps at X, Y 
and other points (Fig. 8c) would represent spaces between the molecules, 
filled with liquid of crystallization. Similar, although less clearly defined, 
relations have been pointed out by Crowfoot for hemoglobin and lacto- 
globulin crystals. 

These interpretations of the data must be regarded as tentative. They 
afford suggestions, however, of. the possible scope of x-ray methods as 
applied to proteins. The advance in methods of structure determination 
during the last ten years has been so great that we may look forward to 
future developments in this field which will yield a far deeper under- 
standing of proteins than we possess today 

^For very *«■ *i‘. ■ .r. ^ rj.v diifraotion and protein structure, see Astbury, W. /. Chem. Soe., 

p. 337 (1942); h'..*::"' ■■ ' . Review of Biocl^emistrw, Uf 27 A brief report on the crystal 

structure of glycylglycine (/S-form) is given by Hughes, E. W., and Moore, W. J., /. Am. Chem, 8oc., 64, 
2236 (1942). 



Chapter 15 

The Elementary and Amino Acid Composition 
of the Proteins 

By Edwin J. Cohn 

‘ Knowledge of the structure of proteins might well be expected to yield 
knowledge of the special functions which we know individual proteins sub- 
serve both in morphology and in physiology, as elements of structure or 
bearers of immunity, as hormones or enzymes, as the molecules to which 
certain of the vitamins appear to be attached as prosthetic groups, or as 
viruses. This diversity in function suggests an underlying diversity of 
structure, certainly in the finer details of structure. 

Of the fine structure of the proteins little is yet known. We know that 
upon hydrolysis proteins yield amino acids; that the amino acids are at 
least in large part joined to each other in the vast protein molecule by 
peptide linkage; that many of the same amino acids have been isolated 
from widely different proteins; and that in many prote^s, and even in 
certain enzymes and hormones^ there is no evidence that the proteins are 
constituted of any elements of structure other than amino acids. Further- 
more, it is of great significance that the amino acids are all a-amino acids 
(or a-imino acids in two cases), and that all belong to the same configuj'a- 
tional group, that is, that the four unlike radicals are invariably attached 
to the a-carbon atom in the same order (see Chapter 13). 

Discovery of Amino Acids 

The first of the amino acids were discovered a little oyer a century 
ago.* Leucine and glycine were isolated from proteins in 1819 and 1820 
by Proust^ and by Braconnotl Though cystine had previously been de- 
scribed by Wollaston in 1810^, it was not isolated from a protein until 80 
years later®’ With the exception of tyrosine, which was found by Liebig 
in 1846^, no new amino acid was isolated from a protein for 45 years, or 

^ Colm, E. J., B'ull*New York Acad. Med., 15, 639 (1939) (Harvey Lecture). 



Table 1. 'The Isolation of Amino Acids from Protein Hydrolysates 


Date Amino acid 

1819 Leucine 

1820 Leucine 

1820 Glycine 

1846 Tyrosine 

1849 Tyrosine 

1865 Serine 

1866 Glutamic acid 

1868 Aspartic acid* * * § 

1869 Aspartic acid* 

1875 Alanine 

1888 Alanine 

1881 Phenylalanine 

1889 Lysine 

1890 Cystine t 

1899 Cystine t 

1895 Arginine t 

1896 Histidine 

1896 Histidine 

1901 Proline 

1901 Valine§ 

1901 Tryptophane 

1902 Oxyproline 

1903 Isoleucine f 

1918 Hydroxyglutamic acid 
1922 Methionine 

1936 Threonine • 


Isolated from protein by 

Proust 

Braconnot 

Braconnot 

Liebig 

Bopp 

Cramer 

Ritthausen 

Ritthausen 

Ritthausen (7) and Kreussler 
Schiitzenberger and Bourgeois 
Weyi 

Schulze and Barbieri 

Drechsel 

Kiilz 

Morner 

Hedin 

Kossel 

Hedin 

Fischer 

Fischer 

Hopkins and Cole 

Fischer 

Ehrlich 

Dakin 

Mueller 

Meyer and Rose 


( 1 ) 

( 2 ) 

( 2 ) 

(3) 

(4) 

(5) 

( 6 ) 

(9) 

( 8 ) 

( 10 ) 

( 11 ) 

( 12 ) 

(13) 

(14) 

(15) 

(16) 

(17) 

(18) 

(19) 

(19) 

(20, 20a) 
( 21 ) 

(22, 23) 

(24) 

(25) 

(26) 


(1) Proust, M., Ann, chim, et pAj/s., 10, 29 (1819). 

(2) Braconnot, H., Ann. chim. et phys.^ 13, 113 (1820). 

(3) Liebig, J., Ann., 57, 127 (1846). 

(4) Bopp, F., Ann., 69, 16 (1849). 

(5) Cramer, jS., J. prakt. Chem., %, 76 (1865). 

(6) Ritthausen, H., J, prakt, Chem., 99, 6, 454 (1866). 

(7) Ritthausen, H., J, prakt, Chem., 106, 445: 107, 218 (1869). 

(8) Kreusler, W., J. proAL Chem., 107, 240 (1869). 

(9) Ritthausen, H., J. prakt. Chem,, 103, 233 (1868). 

(10) Schiitzenberger, P., and Bourgeois, A., Compi. rend. Acad. Set., 81, 1191 (1875). 

(11) Weyl, T., Ber. chem. Gee,, 21, 1407 (1888). 

(12) Schulze, and Barbieri, J., Ber. chem. Ges., 14. 1785 (1881), 

(13) Drechsel, B., J. prakt. Chem., N. F. 39. 425 (1889). 

(14) Kaiz, E,, Z. Biol., 27. 415 (1890). 

(15) Morner, K. A. H,, Z. physiol. Chem., 596 (1899). 

(16) Hedin, S. G., Z. physiol. Chem., 20, 186 (1896). 

(17) Kossel, A., Z. physiol. Chem., 22, 176 (1896-97). 

(18) Hedin, S. G., Z. physiol. Chem., 22, 191 (1896-97). 

(19) Fischer, E., Z. physiol. Chem., 33, 151 (1901). 

(20) Hopkins, F, Cl., and Cole, S. W„ J. Physiol,, 27, 418 (1901-02). 

(20a) Hopkins, F. G., and Cole, S. W., Proc. Roy. Soc. (London), 68, 21 (1901). 

(21) Fischer, E., Ber. chem, Gei., 35, 2660 (1902). 

(22) Ehrlich, F., Z. Ber. d. deutsch. Zueker Ind., 5^, 809 (1903). 

(23) EKrlichJF.,_^Ber. chem. Ges., 37, 1809 (1904). 

(24) Dakin, H, D., Biochem. J., 12, 290 (1918). 

(25) Mueller, J. H., Proc. Soc. Exptl. Biol, and Med., 19, 161 (1922). 

(26) Meyer, C. E,, and Rose, W. C., J. Biol. Chem., 115, 721 (1936). 


* Previously discovered by Plisson in 1827 [Plisson, A., Ann, chim. et phys., 38, 
175 (1827)]. P y y * 

t Previously discovered by Wollaston in 1810 [Wollaston, W. H., Phil. Trans. Roy, 
Soc., 223 (1810)]. ^ 

t Previously discovered by Schulze and Steiger in 1886 [Schulze, E., und Steiger. 
E., Ber. chem. Ges., 19, 1177 (1886)]. 

§ Previously discovered by v. Gorup-Besanez in 1856 [v. Gorup-Besanez, E. 
Ann. Chem., 98, 1 (1856)]. ’ 

1[ The evidence is now very strong that norleucine r.rr'r im: acid) is 

present in spinal cord protein. This was first claimed ■ ; i I ; i <“■: s-* \- (> e chem- 
ische Konstituiion des Gehirns des Menschen undder Tiere,^^ Pr. Pietzker, Tubingen, 
1901) in 1901. He isolated a substance which he recognized as an isomer of leucine. 
His product was probably impure. Twelve years later Abderhalden and Weil IZ. 
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until 1865. In 1864 only three amino acids had thus been recognized 
among the decomposition products of proteins; in 1904 seventeen amino 
acids were known. In this intervening 40-year period, a new amino acid 
was discovered every few years and the main constituents of the protein 
molecule were recognized. Although more than 35 years have elapsed 
since 1904, a period nearly as long as that which saw the discovery of 
fifteen new amino acids, few further additions to our knowledge have 
been made. 

Sulfur-containing Amino Acids. Two of the most important amino 
acids isolated from proteins in recent years have been discovered as a result 
of the increasing recognition of the importance of amino acids for nutri- 
tion. Studies of the amino acids necessary for growth and development, 
the pioneer work for which was largely carried out by Osborne and Men- 
del, have more recently yielded the new sulfur-containing amino acid, 
methionine, and the hydroxy-amino-butyric acid, threonine. 

Methionine® was, isolated from casein by Mueller in the course of a study 
of bacterial metabolism. Isolation was followed by synthesis and the 
establishment of its structure®® and also by fairly satisfactory methods for 
its estimation in proteins^' 

Liebig and Mulder^^ knew that, besides nitrogen, carbon, hydrogen and 
oxygen, most proteins contain small amounts of sulfur and of phosphorus. 
The elementary composition of these proteins was so nearly alike that only 
the analysis for sulfur and phosphorus showed wide variations. The na- 
ture of the structures in which these elements occur in proteins is further 
considered below. (Table 2). 

Phosphorus and the Hydroxyamino Acids. The nutritional investiga- 
tions of Osborne and Mendel were for the most part carried out with pro- 
teins the amino acid composition of which they had estimated. The diffi- 
culties of obtaining adequate supplies of. amino acids so that nutritional 
experiments could be carried out with purified amino acid mixtures have 
only recently been overcome.. In the course of an investigation with this 
method of the amino acids necessary for growth, W. C. Rose has proved 
that a-amino-i^-hydroxybutyric acid or threonine is definitely a protein 
constituent^®. This is the more interesting because the claim^^ that 
a-amino-rt-butyric acid is a protein constituent is not yet substantiated 
and also because threonine is the second member of the series of which 
serine, a-amino-/S-hydroxypropionic acid,’ is the first. 

f Mueller, J. H., Froc, JSoc. Exp. Biol, and Med., 1$, 161 (1922). 

Barger, G., and Co^ne, P. P., Biochem. J., 22, 1417 (1928). 

’ Baernstein, H. D., J. Biol. Chem., 97, 663 , 669 (1932); 106, 451 (1934); 115, 26, 33 (1938). 
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The phosphorus revealed by the elementary analyses of proteins has 
never been found as a part of an amino acid. Rather it would appear to 
be bound to hydroxyl groups such as that of serine through ester linkage. 
The investigations of Rimington and Kay^®’ appear to indicate that the 
phosphorus in these proteins can be quantitatively removed, and further 
investigations suggest that the phosphorus may be reintroduced into the 
molecules “by means of phosphorus oxychloride in a manner analogous to 
the Schotten-Baumann reaction” (reference 17, p. 280). “Phosphorus 
appears to enter the protein by means of an ester linkage between phos- 


Tablb 2. Elemental Composition of Proteins 


Composition 

Protein 

Formula 

Molec- 

ular 

weight 

C 

H 

N 

0 

S j Fe 

P 

C H 

N 

0 

S Fe 

P 

According to Mulder in 1838* (1) 

64.56 

54,48 

54.84 

6.90 

7.01 

7.09 

15.72 

15.70 

15.82 

22.13 

22.00 

21,23 

0.36 

0.38 

0.68 


0.33 

0.43 

0.33 

Fibrin 

Egg albumin 
Serum albu- 
min 

koo 

400 

400 

620 

620 

620 

100 

100 

100 

120 

120 

120 

1 

1 

2 


1 

1 

1 

55,692 

55,692 

56,893 


According to ( 

)sborne in 1902t (2) 


52.76 

7.10 

15,51 

23.02 

1.616 



Egg albumin 

696 

1125 

175 

220 

8 



15,703 

55.23 

7.26 

16.13 

20.78 

0.600 



Zein 

736 

1161 

184 

208 

3 



15^993 

62.72 

6.86 

17.66 

21.73 

1.027 



Gliadin 

685 

1068 

196 

211 

5 



15^568 

52.99 

7.01 

15.93 

22.14 

1.930 



Serum albu- 

662 

1051 

171 

207: 

9 



14' 989 








mint 









54.64 

7.09 

17.38 

20.16 

0.39 

0.335 




IIQ-j 

207 

oin! 

2 

1 


16,655 

54.57 

7.11 

16.38 

21.03 

0.568 

0,336 


ii-:- b. ■ ■■ ji 

■.Tr* 

■ v.'v 

■ 

■ . 

3 

1 


16,667 

52.68 

6.83 

16.91 

22.48 

1.10 



; ■ 

' 

■ . 1 : 

\V ' 


5 



14,708 

51.50 

7.02 

18.69 

21,91 

0.88 



Edestin 

624 

il021 

193 

!199 

4 



14,523 

53.13 

7.06 

15.78 

22.37 

0.80 


0.86 

Casein 

708 

1130 

180 

224 

4 


4 

15,982 


* For a critical study see Laskowsky (Ann. 58, 129 (1846)) . Mulder used atomic weights based on O >= 100 
, • O ■ ■ :,,s the earlier literature in this paper. See, also, Osborne: The Vegetable Proteins. 2nd 

<■ ^ ■ .- ■■■■ -■■■ , Green and Co. (1924). * 

I Ot tne Horse. 

§ Of the dog. 

(1) Mulder, G. J., Ann. Chem., 28, 73 (1838). 

(2) Osborne, T. B., J. Am. Chem. Soc., 24, 140 (1902). 

phoric acid and some hydroxyl group” (reference 17, p. 281), and, in the 
case of casein, isolation of diverse phosphorus containing polypeptides and 
peptones have»been reported^, together with studies of their consti- 
tuti0n«- 21. Mo. 216. 


Whereas serine and threonine have now been repeatedly demonstrated 


Rimmgton, C., and Kay, H. D., Biochem. J., 20, 777 (1926). 
Rimington, C., Biochem. J„ 21, 204 (1927). 

J' Rimington, C., Biochem. J., 21, 272 (1927). 

“Rimington, C., Biochem, J., 2U 1179 (1927). 
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to be constituents of proteins, other basic and hy.droxyamino acids have 
repeatedly been reported, although the observations have seldom been 
verified. Thus in 1907 Abderhalden and Kempe^^ announced a new amino 
acid, oxy tryptophane. Later, however, the preparations were found to 
have been mixtures of well-known amino acids^^* There are also claims 
for the presence of hydroxyvaline^^ and hydroxyaspartic acid^® in protein 
hydrolysates.^® 

In 1918 Dakin^’' isolated an amino acid from casein which he considered 
to be iS-hydroxyglutamic acid. Although the existence of this amino acid 
in proteins has been doubted by some investigators, its presence has been 
reported by others and consideration has recently been given^^ to certain 
of the difficulties involved in its isolation, and to the controversy regarding 
the evidence that this amino acid is a normal constituent of proteins. 
Recently Dakin^^^ has pointed out that the properties of his original prepa- 
ration do not correspond to those to be expected of a jS-hydroxy amino acid. 
The possibility that it is another isomer remains to be determined. 

Very recently hydroxylysine has been reported as a constituent of gelatin 
by Van Slyke^® and its structure suggested to be either 5-hydroxylysine or 
a, 5, diamino, e-hydroxy-caproic acid^^®. • A method of estimating the hy- 
droxyl group by oxidation with periodate has also been adopted for its 
estimation and further work with this procedure may well render it possible 
either to substantiate or reject the many claims for hydroxy amino acids 
that have been made. Recent work of Nicolet^®* and of Martin and 
Synge^®^ is most promising in this connection. 

Rare Amino Acids, Besides those amino acids which are constituents 
of most proteins, there are certain ones which have been isolated from but 
few proteins. Their isolation has none the less been confirmed and their 
importance established. 

Thus the iodine, long associated with the thyroid gland and with thyro-^ 
globulin, is a constituent of diiodotyrosine and also of thyroxine. Although 
Bubnow in 1884^® identified the thyroid colloid as protein in nature, it was 
not until 1896 that Baumann^® and Hutchinson^^ studied thyroglobulin as 
an iodoprotein. Meanwhile, the isolation of iodogorgoic acid by Drechsel 


^ Abderhalden, B., and Kempe, M., Z. Physiol. Chein., 52, 207 (1907). 

Abderhalden, E., and Sickel, H„ Z^ Physiol. Chem.. 138, 108 (1924). 

23a- > 144, 80 (1925). 

S - ^ \ I . ‘ r* IT . ®roc, iZoy. Soc. Ifondon, B98, 58 (1925). 

25 f / '■■■ 1.* 

26 i ■. ‘ ■ 'J, -1 

, I IsT; 137398 (1919). 

Dakin, H. D., J. Biol Chem., 140, 847 (1941). 

^ Van Slyke, D, D., Hiller, A,, Dillotii, E. T., and MacPadyen, D., Proc. Soc. Exp. Biol, and Med., 38, 648 
(1938). 

28» Van Slyke, D. D., Hiller, A., MacFadyen, D. A,, Haatings, A. B,, and Klemperer, F. W., J. Biol. Chem., 
133, ?87 (1940). 

— - - — ’ - - - _ .OA .II7.T XTi....!..,. -D TI C3V.;r,T» T. A *hiA 
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in 1895^^ had suggested the existence of iodine-containing amino acids, and 
the subsequent identification of this substance as 3 ,5-diiodotyrosine in 
1905-9 by Wheeler and Jamieson^^ and Wheeler and Mendel^^ led to a 
systematic search for the iodo-amino acid, not only in thyroglobulin, but 
also in various iodine-containing materials, both natural and synthetic. 
Thus, in a series of papers about 1911, Oswald^^ described the isolation of 
the compound from several synthetic iodoproteins, e,g,, iodinated egg albu- 
min, and iodinated casein as well as from natural gorgonin and spongin. 
These results intensified the suspicion that diiodotyrosine is a natural con- 
stituent of thyroglobulin. Satisfactory proof of this was ultimately se- 
cured by Harington and his collaborators^®'®’'^® who prepared the sub- 
stance from enzymic hydrolysates of thyroglobulin. 

Injbhe meantime, after two decades, of jiisappoiiiting research, Kendall 
in 1915^^ had reported the isolation of crystalline racemic thyroxine, the 
bearer of the characteristic endocrine activity of the thyroid. Its consti- 
tution was finally established by Harington and Barger in 1927^°, and the 
natural Z-form was isolated from enzymic hydrolysates of thyroglobulin 
by Harington and Salter in 1930^®. 

In addition, Ludwig and Mutzenbecher have isolated^^ racemic mono- 
iodotyrosine from alkaline hydrolysates of iodinated casein. 

In the course of their synthesis of thyroxine, Harington and Barger^^ 
prepared 3, 5-diiodothyronine, and subsequently Harington and his col- 
laborators prepared various homologs of thyroxine containing other halo- 
gens. (See also Niemann, et 

Although iodinated histidine has not yet been itself prepared, there are 
good grounds for suspecting the existence of both mono-iodohistidine and 
diiodohistidine in iodinated proteins. Indeed, Pauly has prepared tetra- 
iodohistidine^^ anhydride and paranitrobenzoyl diiodohistidine, which 
serve as structural analogs. Furthermore, Bauer and Strauss^^ have made 
a study of the step-wise iodination of globin, which indicates that this 
process^ can be described adequately in the following teriqs: (a) initial 
iodination of tyrosine followed by (b) iodination of histidine (carbon linkage 
after intermediate nitrogen combination), followed by (c) iodination of the 
regenerated NH group of histidine to form the diiodo derivative. 

Closely related chemically to diiodotyrosine is dibromotyrosine which 

^ Drechsel, 'E.,Zentralbl, Physiol.. % 706 (1896). 

^ Wheeler, H. L., and Jamieson, (j. S., Am. Chem. J.. 33, 366 (1905). 

Wheeler, H. L., and Mendel, L,. B., J. Bidl. Chem., 7, 1 (1909). 

36 OcwrH a . 7 Chem., 71, 200 (1910-11); 74, 290 (1911); 75, 353 (1911). 

■ '■■■ ■ ■ ■■ !' ■ I Randall, S. S.,jBwcAem./,, 23, 373 (19291. 

I ■ I i| . ■ ■ ; Randall, S. S., Biochem. J., 25, 1032 (1931). 

■ ! = . . ■ . V I' . Salter, W. T., Biochem. J., 24, 456 (1930). 
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was isolated by Morner^® from the skeleton of Primnoa lepadifera. Its 
wider distribution remains to be demonstrated. 

In addition to these rare amino acids of animal origin, Vickery^^ lists the 
following ^'amino acids known as plant constituents that may possibly be 
expected to be found in proteins”: Thiolhistidine found in ergot as its 
betaine, ergothioneine^®; dihydroxyphenylalanine found in bean seedlings 
and probably widely distributed^^’ citrulline found in watermelon tissue 
and probably of metabolic significance in urea formation in animals^®; 
canavanine found in certain beans^*^; and djenkolic acid found in djenkol 
bean®\ 

It is very probable that other amino acids of special structure and signifi- 
cance will be found in the investigations of diverse kinds that are in 
progress on the rarer and less well known proteins. Some of these pro- 
teins, though present in small amounts, may perform quite as important 
physiological functions as those present in large amounts. The latter, how- 
ever, have thus far been more readily available in adequate amounts for 
studies, especially for hydrolytic studies, of their amino acid composition. 

Classes of Amino Acids 

The amino acids may, for convenience, be divided into classes each of 
which contains certain characteristic groups and confers specific properties 
on the protein molecule. 

(1) The first class may be considered the monoamino-monocarboxylic 
Qj-amino acids whose side chains differ only in the number of CH 2 groups 
that they contain and in the branching of the chain. If glycine, with no 
side chain, be considered the first member of this series the others are 
alanine, valine, leucine and isoleucine, and if they exist in proteins, norva- 
line and norleucine. 

(2) The second group contribute pyrrolidine rings rather than paraffin 
side chains and are imido rather than ( 5 k:-amino acids. Proline and hydroxy- 
proline have been isolated from many proteins, often in large amounts. 
In hydroxyproline the nonpolar groups are situated between the hydroxyl 
groups and the peptide chain. 

(3) The third group consists of those amino acids whose side chains con- 
tain benzene rings; phenylalanine, tyrosine, diiodotyrosine and thyroxine. 
In t 3 n:osine, the benzene ring is situated between polar groups; and the 
phenolic hydroxyl group, as we have seen, has pronounced acid properties. 
Tyrosine gives rise also to many of the chromogenic properties which have 
often been used as tests for the presence of protein and this substancehas 

.-\TTrT>^ 4*/\ v.ln'rr iK. 4 -.w 4- -..yvl 4%-. 4 w. m 1 r.4-4 ..vm 
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(4) Closely related to tyrosine, in that its presence in proteins is gen- 
erally determined by virtue of its color reactions, is tryptophane. Trypto- 
phane has no amphoteric properties when bound in peptide linkage, but 
contains the indole ring as a characteristic configuration. 

(5) The amino acids serine and threonine contain hydroxyl groups whose 
acidity is so feeble as not to contribute to the amphoteric properties of the 
protein. This is true also for hydroxyproline, hydroxylysine and hydroxy- 
glutamic acid, but these three amino acids may also be considered in con- 
nection with their other characteristic groups, namely, the pyrrolidine 
ring, the eamino group and the 7-carboxyl group of these amino acids. 

(6) Only three amino acids containing two carboxyl groups have yet 
been recognized as protein constituents; they are aspartic, glutamic and 
hydroxy glutamic acid. The second carboxyl groups of these acids are 
present in the native protein, in part as free acid, in part as amide groups. 
Asparagine and glutamine have been isolated, from proteins^^, and it may 
be assumed that most of the ammonia produced by acid hydrolysis repre- 
sents the nitrogen of these amide groups. Threonine and serine, however, 
when in peptide linkage, are very labile in alkali solution and split off 
considerable quantities of ammonia which might thus be erroneously con- 
sidered as “amide nitrogen”®^®.* 

(7) In contrast to the three dicarboxylic acids upon which the acid 
properties of proteins depend are the bases, histidine, arginine and lysine, 
which confer basic properties. The side chain groups of these dibasic 
amino acids are all different, being respectively the imidazol, the guanidino 
and the eamino group. 

(8) Finally there are the sulfur-containing amino acids, methionine, 
cystine and cysteine. The relative amounts of cystine and cysteine in 
proteins have been repeatedly studied in recent years, but need not be 
considered here. In so far as cystine is present, the possibility exists that 
separate peptide chains, following oxidation of adjacent sulfhydryl groups, 
are held together by sulfur-sulfur linkage. 
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Inasmuch as cysteine is present the sulfhydryl groups should contribute acid 
properties to the molecule, comparable in strength to those derived from 
phenolic hydroxyl groups. The possibility remains of an equilibrium be- 
tween S — S and S— H groups in the protein involving oxidation and reduc- 
tion and is considered elsewhere in this book. 

The sulfur of methionine is situated between a CH 2 and a CH 3 group, is 
not alkali labile, and is thus readily distinguished from cystine or cysteine 
sulfur. 


Analysis of Amino Acids 


The accuracy with which analysis may be made for amino acids of these 
various classes differs widely. The methods of analysis are not considered 
here in detail, but only the results of the analyses upon which we must 
depend for our notion of the free groups of proteins. Certain analyses can 
be made, not only for the individual amino acid, but also for the class of 
which it is a member, and in these cases greater confidence may be felt in 
the accuracy of the results. Thus, if the sum of the methionine and 
cystine analyses is in agreement with what might be expected from the 
behavior of the sulfur, we may have increased confidence in both pro- 
cedures. (Table 3). 

Sulfur-containing Amino Acids. The sulfur of proteins is of two kinds 
as was clearly perceived by the analytical chemists of the late nineteenth 
century, such as Schultz®^, Kruger®^ and T. B. Osborne^^’ Kruger was 
the first to present accurate analytical data for the total and the alkali- 
labile sulfur. Moreover, he pointed out that, for egg albumin and for 
fibrin, the ratio of total sulfur to labile sulfur was, respectively, 4:1 and 
3:1*.®^ The sulfide or labile sulfur therefore represents an integral 
fraction of the total sulfur. Osborne^^’ in 1902 estimated, on the basis 
of the results in Table 2 , that the minimal molecular weights of many pro- 
teins were in the neighborhood of 15,000, estimates borne out by recent 
physicochemical studies. 

At the beginning of this century, there were no satisfactory analytical 
methods for determining cystine, and the other sulfur-containing amino 
acid thus far isolated from a protein hydrolysate, methionine, had not been 
discovered®’ The sulfur -in cystine is relatively labile and is liberated as 


“ Schulz, F. N., Z. Physiol Chem,, 25, 10 (1898). 

Krtigor, A., Arch. ges. Physiol. (Pflgiiers) 43, 244 (1888). 
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sulfide ion in hot alkaline solution. This sulfur is even more labile when 
the amino acidjs held in peptide linkage in the protein molecule®^’ 

The sulfide sulfur of the protein has been supposed to represent, at least 
in part, the sulfur either in the amino acid cystine or cysteine. Cysteine 
contains one atom of sulfur, while cystine contains two. Whatever the 
nature of the sulfide sulfur, it represents an integral part of the protein 
molecule, and the quantities that analyses reveal can be ufeed in estimating 
the minimal molecular weights of proteins in the same manner as can their 
iron, copper, or total sulfur content 

The total sulfur content of most proteins is greater than their sulfide 
suKur content. This would indicate the presence of yet another sulfur- 
containing constituent of the protein. The character of this non-labile 
sulfur was demonstrated by Morner who obtained methyl sulfonic acid on 
treating proteins with nitric acid. This author®^ further pointed out that 
the amount of methyl sulfonic acid appeared to be inversely proportional 
to the cystine content in the cases of casein and wool. It was not, how- 
ever, until 1923 that a second sulfur-containing amino acid was isolated 
from a protein hydrolysate. In that year Mueller^' ^ isolated methionine 
from casein and it is doubtless significant that in casein there is not more 
than 0.1% of sulfide sulfur, but approximately 0.8% of total sulfur and 
over 3% of methionine. 

Both cystine and methionine can be estignated with some accuracy in 
proteins. There are a series of analytical methods for cystine due to Folin 
and his co-workers®^ to Sullivan®®, to Okuda®® to Vickery and White®V and 
to others. 

The estimation of methionine depends on the reaction of this amino acid 
with hot hydriodic acid whereby the S — CHs bond is ruptured and homo- 
cysteine is formed. Baernstein® has developed two quite accurate methods 
based on this reaction for determination of methionine in proteins. 

In many proteins, an exception being crystalline insulin which has been 
carefully studied by du Vigneaud and Miller®®, the combined cystine and 
methionine sulfur at first appeared not to equal the total sulfur. In the 
case of insulin, the introduction of Clarke’s formic-hydrochloric acid tech- 
nique of hydrolysis, used by du Vigneaud and Miller and by Sullivan®®, 

Brand, E., and Sandberg, M., J. Biol. Chcm., 70, 381 (1926). 

J" Bergmann, M., and Stather, F., Ann., 448, 32 (1926). 

Mdrner, K. A. H., Z. Physiol. Chem., 34, 207 (1902). 

f Cohn, E. J., Hendry, L. J., snd rror- V., J. Biol. Chem., 63, 721 (1925). 
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Table 3 — Concluded 

bin. The values for sulfur and sulfide sulfur are those quoted by Osborne, whereas the values tentatively accepted for cystine 
Line are those of Kuhn Birkofer and Quackenbush (10), which are far higher, indeed more than double, the earlier value for 
ckery and White (6), 0.41, which yields the results of 3.4 x 10 ® residues of cysteine per gram of hemoglobin as contrasted with 
bimated from the report of Kuhn, Birkofer and Quackenbush. The agreemcxit between the non-sulfide sulfur and the methio- 
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enabled these workers to revise the cystine values upward and .they now 
account for practically all of the sulfur. 

In some cases, the discrepancy between the combined cystine and methio- 
nine sulfur and the total sulfur has led to the belief that perhaps another 
sulfur-containing amino acid exists in certain proteins. The discovery of 
ergothionine, the betaine of 2-thiol histidine, directed attention to this 
possibility. It was known that the action of mild oxidizing agents, such as 
dilute bromine water, on 2-thiol histidine resulted in the removal of the 
sulfhydryl groups as sulfate. Blumenthal and Clarke^” tested several pro- 
teins with bromine in this manner and obtained from certain of them appre- 
ciable quantities of sulfate. Du Vigneaud failed to find any sulfate sulfur 
in insulin. Until, of course, thiol histidine is unequivocally isolated from a 
protein digest, its actual occurrence in the protein must remain a matter of 
conjecture. 

The discrepancy alluded to above, between the total sulfur and the com- 
bined cystine and methionine sulfur, is very probably due, at least in many 
cases, and particularly so in the case of insulin, not to a third sulfur- 
containing amino acid, but to the partial destruction, of cystine by severe 
hydrolytic procedures. 

Whether cystine exists in the native protein as such or in whole or part 
as the reduced form cysteine, remains a problem difficult of solution. 
Several workers, notably Todrick and Walker^\ Mirsky^^, and Greenstein 
and Edsall^^, have claimed the demonstration of cysteine as such in native 
myosin and in the mixed lens proteins. In any case, the protein hydroly- 
sate is usually analyzed in terms of cysteine and the estimate is then given 
as cystine. 

The values of the earlier investigators for both total sulfur and alkaK- 
labile sulfur have recently been confirmed for many proteins. Analyses 
of the per cent of sulfur, of sulfide sulfur, or of cystine and methionine in 
certain proteins are recorded in Table 3 . These results, calculated as atoihs 
of sulfur or, sulfide sulfur or residues of cystine and methionine per gram 
of protein are also tabulated. It will be noted that for most proteins there 
is a fair agreement between the number of cystine residues and the expecta- 
tion on the basis of the sulfide sulfur content, and also between the number 
.of methionine residues and the non sulfide sulfur (total sulfur minus sulfide 
sulfur) content. The analysis for sulfide sulfur is by no means as reliable 
as that for total sulfur and so the comparison of the data for the latter and 
the sum of the cystine and methionine residues is also given. The dis- 
crepancy, in the analysis of certain proteins, between alkali-labile sulfur 
and the sulfur present as cvstine or cvstp.in^ m^v ns Qfn+arl 
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sent another thioamino acid, but, as has already been pointed out, it may 
also represent destruction of cystine during hydrolysis^^’ Certainly, 

with few exceptions, alkali-labile sulfur is now accounted for as cystine. 

It should be stressed that not all of these analyses are equally reliable, 
and not all of the proteins equally pure. Thus it is questionable whether 
the cystine of gelatin represents a part of the protein or an impurity. In 
the end, studies upon proteins of proven purity with analysis of certain 
accuracy will supplant or replace many of the results at present available. 

Basic Amino Acids. Various procedures have been suggested for de- 
termining the basic amino acids yielded by proteins on hydrolysis. These 
substances, histidine, arginine and lysine, are almost completely precip- 
itable by phdsphotungstic acid. So isolated, the relative quantities of 
each have been estimated by Van Slyke in terms of the reaction between 
their amino groups and nitrous acid. “All the amino acids react with all 
of their nitrogen, except tryptophane, which reacts with one-half, histidine 
with one-third, arginine with one-fourth, and proline and oxyproline with 
none'^ (reference 76, p. 195). This reaction may be represented as follows: 

R.NH 2 + HNO 2 R OH -h N 2 + H 2 O ‘ (1) 

The a-amino group reacts far more rapidly than the eamino group of 
lysine^^. The rate at which the reaction progresses thus depends, among 
other properties^* , upon the same structural conditions that determine the 
dissociation of the amino group. The end product is an hydroxy acid, in 
the case of lysine a di-hydroxy acid. 

It should be pointed out that other bases than histidine, arginine and 
lysine, such as the more recently isolated hydroxylysine, may have been 
included in these gasometric results. 

Methods of estimating the separate bases have been developed in con- 
siderable detail. Histidine and arginine form insoluble silver compounds, 
and Kossel and Kutscher*^ long since devised a method for their isolation 
which depends upon this behavior. Isolation has certain advantages over 
indirect estimation. Yields are rarely quantitative, however, and deter- 
minations made by isolation methods, though they give minimal results, 
may be considered satisfactory only in so far as physical chemical studies 
may be employed to demonstrate or estimate how complete the separa- 
tion can be, under the conditions that obtain. The precipitation of his- 
tidine silver at a neutral reaction and of arginine silver at an alkaline 
reaction has been shown by Vickery and Leavenworth*^ to depend upon the 

Bailey, K., Biochem. 31, 1396 (1937). 

3® Kaasel, B., and Brand, E., Proc. Soc. Exp, Biol, and Med., 35, 444 (1936); J, Biol. Chem., 125, 436 (1938). 

II Van Slyke, D. D., J, Biol, Chem., % 185 (l?n). 
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acidity. That is to say, the same structural conditions that determine the 
dissociation strength of the groups in histidine and arginine influence the 
solubility of their silver compounds. The determination of the solubility ' 
product constants of these silver compounds might not increase the yields 
that Vickery and Leavenworth have obtained under the conditions found 
to be optimal for precipitation. They would, however, make the same 
contribution to these separations as did the determination of the solubility 
products of the metal sulfides by Bruner and Zawadzkf^ and permit the 
estimation of the amounts that can in any case not be separated from a 
solution which must remain necessarily saturated with respect to the pre- 
cipitated amino acid compound.* 

The silver distribution method thus depends upon differences in the solu- 
bility of the silver salts of these different amino acids. As in the case of all 
solubility methods, errors may arise either from occlusion of impurities in 
the precipitates, or from residual solubility of the substances separating 
from solution. This method should be most accurate for histidine and 
arginine which precipitate, the one at neutral, the second at strongly alka- 
line reactions, and least accurate for lysine which remains in solution, and 
is determined after subsequent precipitation with phosphotungstic acid and 
crystallization of the picrate. 

In addition, specific precipitation methods have been suggested, such as 
the separation of arginine® as flavianate (Kossel®^), and specific enzymatic 
methods, such as the arginine method . of Hunter and Dauphinee®^ 

Recently an improved method for the determination of arginine as the 
diflavianate has been developed by Vickery®® and the results of this method 
are compared in Table 4 with those from nitrogen distribution and silver 
precipitation. Comparable improvements in the specific methods for the 
other two amino acids of this class may well be expected. 

Analytical results may be compared on the one hand with another ana- 
lytical method, or on the other with a physical chemical method. The 
physical chemical method, depending upon the maximum acid-combining 
capacity, was suggested as a way of estimating dibasic amino acids over 
fifteen years ago. (For the earlier literature see Cohn®^) The results are 
included in Table 4, though the method is discussed in Chapter 20. 

More recent is the metaphosphoric acid titration of proteins®®' If, as 


* Zawadzki, J., BtUl, Acad. Sci. Cracovie, July (1909). 

* The pppnrntion rf amiro ar'i'K- will rtiian+ifo+;-.riiKr 

their .‘•nij.v bur an 

wtimated. This aspect of the problem L . 

has not yet been done to permit calculation of the solvent actions of a ■ 
marnfie, 67 and Cohn®^. 

f Cohn, E. J McMeekin, T. L., Ferry, J. D., and Blanchard. M. H., J. Phys. Chem., 43, 1 
Kossell, ^ ^ /yj. 't'% irro f > tr » » 


> A., Pistol. Chem., 22, 176 a896*-7). 


) (1939). 
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Table 4. Basic Amino Acids of Proteins and Acid Combining Capacity 



Eeg. 
aipumm 
Isola- 
tion or 
Analysis 

Insulin 
Isola- 
tion or 
Analysis 

Zein 

Isolation 

or 

Analysis 

Gliadin 

Casein 

Lacto- 

globulin 

Isolation 

or 

Analysis 

Edestin 

Nitrogen 

distri- 

bution 

Isolation 

or 

Analysis 

Nitrogen 

distri- 

bution 

Isolation 

or 

Analysis 

Nitrogen 

distri- 

bution 

Isolation 

or 

Analysis 

Residues per gram of protein X 10® 

Histidine 
Arginine . 
Lysine . . , 

9.8 (1) 
32.5 (2) 
34.0 (1) 

69.0 (39) 
17.5 (39) 
8.6 (39) 

5.3 (8) 
9.2 (30) 
0.0 (8) 

21.6 (11) 
18.0 (11) 
4.7 (11) 

21.3 (13) 
14.8 (2) 

16.3 (11) 
20.6 (11) 

57.4 (11) 

16.1 (15) 
21.4 (14) 
42.8 (16) 

9.9 (39) 

16.6 (39) 

66.7 (39) 

25.3 (11) 

90.3 (11) 
25.7 (11) 

15.6 (39) 
96.3 (6) 
16.2 (39) 

Total . . 

76.3 

95.1 j 

14.5 j 

44.3 


94.3 

80.3 

93,2 

141.3 

128.1 

Moles of acid bound per gram of protein X 10® 


With 

I ^ liquid 
junction 

With 

liquid 

junction 

' With 
■ liquid 
junction 

With 

liquid 

junction 


With 

liquid 

junction 

Without 
^ liquid 
junction 

With 
^ liquid 
junction 

With i 
liquid 
junction 

Without 
^ liquid 
junction 

80 

87 (3) 

101 (6) 

17.8 (10) 
21.3 (10) 

34 (12) 

76 (12) 
90 

'80 (16) 

115 (26) 

1 127 (12) 

134 (16) 

Moles metaphosphate bound per gram of protein X 10® 


78 (4) 
78 

SO 

103 (7) 

no 








137 (7) 

138 (7) 


The values for histidine, arginine and lysine of most proteins were tabulated in 
1931 by Cohn (Table 20, Ref. 28). ® 

Egg albumin. Values of Vickery and of Vickery and Shore have been reported. 
The earlier values of Osborne, Jones and Leavenworth (29) of Jl.OO x lO*"® for histi- 
dine, 28.2 X for arginine and 25.7 X 10"^ for lysine give only a total of 64.9 residues 
X 10“^per gram of egg albumin. 

Zein. Vickery (30) redetermined the bases and reported estimates of 0.77% 
for histidine, in close agreement with the value of Osborne and Liddle (8), 0.82%, 
and of 1.6% for arginine, which is in good agreement with that of Osborne and Liddle, 
but lower than that of Kossel and Kutscher (9), 1.82%. 

Gliadin. The histidine analysis of Van Slyke (11) , 3.35%, has now been confirmed 
by Haugaard and Johnson (13)^ (Tables .46 and 37). Recalculated from nitrogen 
distribution to per cent amino acid in the protein, their remits on histidine range only 
from 3.21% to 3.31%. On the basis of this determination molecules of molecular 
weight 26,000 as revealed by the ultracentrifuge would contain 6 histidine molecules 
and 4§ cystine residues, or if the molecular weight be double the minimum molecu- 
lar weight previously suggested (31) as indicated by the osmotic pressure measure- 
ments (32), there will be 4 cystine and 9 histidine residues in the molecule. The 
histidine contents of the various gliadin preparations examined might be expected 
to be closely the same and thus to preclude a molecular weight of 20,'700 though not 
of 41,000. 

Haugaard and Johnson (13) report a larger value for arginine, namely, 3.74%, 
than Vickery. 

Casein. The histidine and arginine results of Osborne and Guest (15) and of Van 
Slyke (33) are in fair agreement though lower than the values of Hoffman and Gortner 
(34) on casein and of Sandstrom (35) on deaminized casein (see Table 20, Ref. 28). 

Vickery and White’s (36) results are in excellent agreement for arginine with those 
of Osborne and Guest (15) , but are considerably lower than those of Osborne and 
Guest and Van Slyke in the case of histidine, since they report as an average 1.83% 

as against 2.50^ and 2.53^ nf +rli A AQ vliciv •txr/M.irrtv.o nri....;., i— i 
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Table 4. Continued 



Gelatin 

Hemoglobin (horse) 

Limuius hemocyanin 

Myosin 

(rabbit) 

Isolation 

or 

Analysis 

Pseudo- 

globulin 

Fibrin (cattle) 

Serum 

albumin 

(horse) 

Nitrogen 

distri- 

bution 

Nitrogen 

distri- 

bution 

Isola- 
tion or 
Analysis | 

Nitrogen 

distri- 

bution 

Isolation 

or 

Analysis 

! Nitrogen 
distri- 
bution 

Isolation 

or 

1 Analysis 

7 Isola- 
tion or 
Analysis 

Nitrogen 

distri- 

bution 

Isolation or 
Analysb 

Residue per gram of protein X 10® 

histidine . . . 

rginine 

ysine 

18.9 (11) 
47.0 (11) 
40.6 (11) 

49.9 (26) 

49.9 (18) 
23.6 (18)i 
65.4 (18) 

49.3 (19) 
20.6 (2) 

65.4 (19) 

64.5 (11) 

48.6 (11) 
62.4 (11) 

29.1 (25) 
36.6 (25) 

61.1 (26) 

11.2 (20) 
40.4 (20) 
68.0; (20) 

15.3 (2) 

19.2 (11) 
41.9 (11) 
69.4 (11) 

16.1 (27) 

44.2 (2,27) 

21.9 (24) 
28.1 (24) 
00.3 (24) 

Total 

107.3 


138.9 

i 

126.3 

155.6 

126.8 

119.6 


130.6 


140.3 

« Moles of acid bound per gram of protein X 10* 


With 

liquid 

junction 

Without 

liquid 

junction 

With 

liquid 

junction 

i 


i 

With 

liquid 

junction 

With 

liquid 

junction 



With 

liquid 

junction 

89 (12) 

92 (12) 

96 (16) 

148 (18) 
(134)» 

155 (21) 

" 

92 

140 (23) 

Moles metaphospbate bound per gram of protein X 10* 




149 (7) 
160 (7) 




150 (7) 

90 (7) 



138 (7) 
141 

143 


higher than that of Osborne and Guest. The sums of the bases reported by Osborne 
and Guest, 11.76%, and by Vickery and White, 11.93%, are in excellent agreement. 

Van Slyke’s value for the lysine content of casein is, however, far larger than that 
reported by Osborne and Guest, 5.59%, by Hoffinan and Gortner (34),- 6.91%, by 
Vickery and White, 6.3%, or by Block, Jones and Gersdorff (37) who obtain results of 
6.5 and 6.6% by isolation and conclude that.the higher results given by the Van Slyke 
method depend upon the presence of a lysine precursor in casein. On the basis of 
a molecular weight of 96,000 there are presumably 16 histidine, 21 arginine and 42 
lysine residues. 

Lactoglobulln. ChibnalPs (39) recent data ^iven in the table differ but slightly 
from Cannan^s (26) for arginine and lysine, but' the histidine value is appreciably 
lower. 

Edestin. The basic amino acids of edestin have been determined repeatedly. 
Vickery and Leavenworth (17) isolated 2.19%^ of lysine, whereas Van Slyke (11) and 
Sandstrom (35) using *the nitrogen distribution method estimated 3.76 and 3.51% 
respectively. The agreement in the case of histidine is by no means so satisfactory. 
Vickery and Leavenworth (17) isolated 2.08%, Van Slyke (11) estimated 3.92%, 
Sandstrom (35) 2.85%, and Hanke and Kossler (38) 3.04%. • 

Gelatin. Lower values for arginine, namely, 8.22% or 47 x 10~® groups per gram, 
were employed in our earliest calculations (12) . The total bases on this computation 
were therefore 106.6 free basic and 41.4 free acid groups. The sum, 148, is essentially 
identical with that in the above calculation, namely, 146.5, which follows from adopt- 
ing analytical figures selected by Bergmann and Niemann (27). 

Hemoglobin. Abderhalden (22) made some early analyses upon horse hemoglobin. 
Whereas the sum of the bases that he reported, 19.8%, is not very different from the 
above sum of histidine, arginine and lysine, 19.33%, the distribution of bases is very 
different. 

Fibrin. Bergmann and Niemann’s (27) new analyses confirm the magnitude of 
Van Slyke ’s estimate of the hexone bases. Vickery’s (2) analysis of arginine by the 
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is suggested, combination of the metaphosphoric acid takes place only 
with those groups of the proteins which are positively charged, then the 
sum of the bases should be given by a simple phosphorus determination 
(correcting of course for the phosphorus of the untitrated protein) of the 
precipitate on which this method depends. 

Tryptophane and Tyrosine. Whereas tryptophane and tyrosine are 
present in proteins to only a small extent, the colorimetric methods that 
have been developed for their estimation appear to be reliable at least as a 
first approximation. The percentage of these two amino acids estimated 
to be present in a number of proteins are tabulated in Table 5. The 
earlier literature, including the work of Folin and his collaborators and of 
Linderstr0m-Lang on casein, has previously been summarized (reference 
90, Table 19). Not included in this summary are studies on egg albumin 
by Calvery®^ and on insulin by du Vigneaud^^ 

On the basis of the tryptophane estimates of a number of investigators, 
the molecular weight of zein would have to be many times that observed 
either by osmotic pressure or ulttacentrifugal measurements. 

The fractions of gliadin separated by Haugaard and Johnson®®, although 
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Van Slyke^^ vary appreciably in the percentage of some of the other amino 
acids studied. Their least soluble fraction, IV, had a tryptophane content 
of 1.08%, in excellent agreement with a number of previoua. determina- 
tions (reference 90, p. 861). The tryptophane contents' of their other frac- 
tions were higher than of their fraction IV, and increased with the solu- 
bility and the acid-insoluble humin nitrogen, reaching a value of 1.82%, 
Conversely, the tyrosine content of' their least soluble fraction was highest, 
3.02%, and close to that given by Looney®®,. 3.04%. 

The tryptophane content of casein has repeatedly been studied; most 
results fall between 1.4 and 1.6%, the higher value being due to Linder- 
str0m-Lang®®. The values for tyrosine reported are very discrepant. The 
tryptophane results reported for edestin generally range from 1.45 to 1,56% 
and for tyrosine from 4.53 to 4.58%®°. 

The tryptophane content reported by early workers for serum albumin 
was always high, perhaps because of the difficulties in purification, since 
serum albumin can be separated into a number of crystalline fractions of 
different solubility®’, different dipole moment®®, different carbohydrate con- 
tent®’* ®®, and different tryptophane content. Fiirth and Lieben^®® reported 
1.3%, and Hunter and Borsook^®^ 1.79% of tryptophane recovered from 
serum albumin. Folin and Marenzi^®^ studied a preparation of serum 
albumin that had been recrystallized from five to seven times in this labo- 
ratory and found 0.52 and 0.53% of tryptbphane in the fractions studied. 
More recently Hewitt®® had studied a serum albumin recrystallized twelve 
times and obtained a value just half of that reported by Folin and Ma- 
renzi^®®, namely, 0.26%, whereas McMeekin^®®, on a carbohydrate-free crys- 
talbumin preparation, recrystallized as the albumin sulfate, has confirmed 
the earlier result of Folin and Marenzi. Although tryptophane appears to 
differ in the various fractions of serum albunqin, the tyrosine content seems 
to be relatively constant. Hunter and Borsook^®^ reported 4.63%, Folin 
and Marenzi^®® 4,66 and 4.67%, and Hewitt^s®® crystalbumin preparation 
yielded 4.79%. 

Sulfur and sulfide sulfur, tryptophane, tyrosine and cystine appeared to 
be the most accurately estifnated constituents of the protein molecule 
which were available some years since®^’ ^®^. In so far as other analytical 
procedures become sufficiently accurate and protein preparations purer, 
the newer results should supplement and render ever more accurate those 
reported in Table 5. 

Van Slyke, D. D., Handh. d, bioL Arbeitsmeth., Abt. I, Part 7, 51 (1923). 

II Looney, J. J. Biol. Chem,, 69, 519 (1926). 

^ Lmderstr0m-Lang, K., Compi, rend. trav. lab, Cnrlsberg, 17, No. 9, 48 (1929), 

" Sorensen, P. L,, Compt, tend. trav. lab, Carlshero. 18. No, .5. 1 
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Aliphatic Amino Acids. Amino acids and their derivatives are most 
soluble in alcohols when conditions render them most nearly like non- 
electrolytes. Several procedures in the separation of amino acids from one 
another depend upon this phenomenon. Thus Dakin^®^’ discovered 
that the monoamino-monocarboxylic acids could be extracted by means of 
higher alcohols from neutral aqueous solutions. In practice the neutralized 
mixtures of amino acids from a protein hydrolysate were continuously ex- 
tracted in a Kutscher apparatus by means of butyl alcohol. The mono- 
amino-monocarboxylic acids were extracted by this solvent, although the 
solubility in it of most of them is very small (see^°®) . Through continuous 
distillation, preferably under reduced pressure, fresh portions of butyl al- 
' cohol perfuse the aqueous solution until extraction is complete. In this 
process monoamino-monocarboxylic acids were separated from the basic 
and dicarboxylic amino acids. The electrical properties ol tyrosine, though 
it is trivalent, do not prevent its extraction by butyl alcohol, since it is 
neutral near pH 6. It is also relatively insoluble at this reaction, and is 
generally removed before extraction. As further evidence that the ex- 
traction of amino acids depends upon electrical conditions, it may be men- 
tioned that glutamic and aspartic acids are largely extractable at pH 3, and 
histidine near pH 7.5.* 

Proline alone among the amino acids that are extracted by butyl alcohol 
is relatively soluble in butyl alcohol. Because of the solubility of proline 
in alcohols, the name prolamines has been given to proteins which are 
alcohol soluble, and which generally contain proline in large amounts. It 
is probable that the solubility of this class of substances does not depend 
entirely, however,, on the presence of this amino acid since there are pro- 
teins rich in proline which are not alcohol soluble. 

The monoamino-monocarboxylic acids other than proline, though they 
are extractable, are by no means soluble in the higher alcohols^°^ It is 
necessary to assume that the undissociated molecule, or one of the ionic 
species with which it is in equilibrium, is soluble to some extent in alcohol, 
or in the alcohol-water mixture.f It seems probable that the neutral mole- 
cules rather than the ions are extracted. Dakin has noted that diketopi- 
perazines are readily extracted by butyl alcohol, and Simms^°® has shown 
that alanyl-alanine anhydride shows no titration constants throughout the 
neutral range. The diketopiperazines bear an intermediate position be- 
tween proline and the monoamino-monocarboxylic acids that are extracted 
by butyl alcohol. The latter are insoluble in ethyl alcohol, the diketopi- 
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perazines slightly soluble and proline more soluble. Here again it is prob- 
able that a balance between the non-polar properties of groups and the 
electrical properties of the molecule determine the order of solubility of 
otherwise comparable substances in alcohol-water mixtures. 

The butyl alcohol extraction method may be employed in a partial 
separation of the aliphatic monoamino-monocarboxylic amino acids, but 
the problem of interaction complicates this procedure and the presence of 
large amounts of one amino acid may, as Dakin has pointed out, interfere 
with the quantitative extraction of another. 

The separation of the aliphatic a-amino acids from protein hydrolysates 
and from each other has in the past largely been carried out by Fischer’s 
method of distilling their methyl or ethyl esters. The results led to our 
first knowledge of the nature and distribution of these amino acids present 
in most proteins. The amino acids are, as we have seen, such strongly 
polar molecules that their melting points, though lower than those of in- 
organic salts, are higher than those of most organic compounds. The 
melting points of amino acids are not accurately known since most decom- 
pose when melting, but are in the neighborhood of 300°, reflecting dipole 
ionic structure as Pfeiffer and Bjerrum^^ suggested. 

Many of the amino acids sublime at temperatures considerably lower 
than their melting points. The temperatures of sublimation of most of 
the amino acids have recently been reported, and also the melting points 
of the sublimates^^^ The latter prove to be very close to the melting 
points of the amino acids as carried out by improved methods^^^’ 

Dunn and Brophy^^^ give the melting point of glycine as 289 to 292°, of 
di- and triglycine as 262 to 265°. Methyl hydantoic acid, which has the 
same composition as glycylglycine^^® and which is presumably not a dipolar 
ion, melts almost 100° lower, at 170°. The melting points of the hydantoic 
acids are in the same range as those of the sugars; they are higher than 
that of urea, 133°, and somewhat lower than that of biuret, 193°C., acetyl 
urea, 216°, or carbonyl diurea, 233°. 

The melting points of the amino acids are thus far too high, as are their 
sublimation points, to permit their distillation without decomposition, 
whereas some of their derivatives can be so distilled. Emil Fischer^^® con- 
verted the amino acids into their ethyl or methyl esters which could be 
distilled. Since those with the larger paraffin side chains distilled at the 
higher temperatures, partial separations could be effected by fractional 
distillation. The method yielded many of the available results, but pre- 

Pfeiffer, F.j^ Bmchfe, 55, 1762 (1922). 
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sumably because of the polar groups of amino acid esters , the increment in 
boiling point for each CH 2 group is far smaller than for the simple paraffins. 

The use of esters of still higher alcohols has been considered, but whereas 
the proportion of non-polar groups would be thereby increased, so would 
the absolute boiling point. The use of the acetylated amino acid esters 
has been introduced by Cherbuliez^^^ The acetylated esters are consider- 
ably more stable than the simple esters of the amino acids and by partial 
alkaline hydrolysis the ester group may be removed. The acetyl amino 
acids so obtained may be crystallized in pure form more readily than the 
amino acids themselves^^. Separation of pure individuals by fractional 
distillation, however, seems to be no more easily carried out with the 
acetylated esters than by the Fischer technique. It is thus presumably 
the polar groups which reduce the spread in the boiling points and render 
more difficult the development of fractional distillation methods of com- 
parable effectiveness to those developed for hydrocarbons of different chain 
lengths. 

^ ^Glycine, alanine, proline, oxyproline, leucine, and phenylalanine until 
recent years could be separated only by the Fischer procedure and, al- 
though much valuable data was secured, the results can only, even under 
the best conditions and with the most careful attention to details, have 
been approximations. There is no way in which one can calculate what 
the error in these determinations may have been. Doubtless many of the 
values in the literature approach the truth quite closely; others, however, 
must be much too low and some may even be too high” (reference 14, 
p. 105). 

The search for specific precipitants for the amino acids is now being 
successfully prosecuted by Bergmann and his co-workers. Moreover, 
these investigators are correcting for the residual solubility of the precipi- 
tated compounds. . As a result we already have a few accurate analyses of 
glycine and of proline and of the other amino acids of this class and may 
confidently expect reliable estimates both of other amino acids in these 
proteins and of these amino acids in other proteins. 

^^The method for glycine^^' involves the precipitation of the complex 
compound of potassium trioxalato chromiate, [Cr(C 2 G 4 ) 3 ]K 3 -h 3 H 2 O, that 
is formed when the reagent is added, together with two volumes of alcohol, 
to the solution that contains glycine. Under carefully controlled condi- 
tions of temperature, acidity and time, a constant proportion of the glycine 
(about 88 per cent) is precipitated. With the use of this value, the quanti- 
ties of glycine precipitated from a protein hydrolysate are corrected and 
an estimate is made of tho crlvnine viplrleH 
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^^The determination of alanine requires the previous removal of glycine 
and involves a series of small scale' determinations of the nitrogen pre- 
cipitated by dioxalatodipyxidinochromiato acid ('dioxopyridic acid), [Cr(Cg 
04)2 ■ (CbH 5N)2] • in order to find the proper quantity of reagent 
to add in order to precipitate the alanine. The weight of the salt is cor- 
rected for the small solubility to obtain the yield of alanine. 

^^To determine proline, advantage is taken of the insolubility of the pro- 
line compound of tetrathiocyanato-dianilidochromiato acid [Cr(CNS)4 -* 
(C6Hb-NH 2)2] -H (rhodanilic acid). Again a solubility correction must be 
ascertained and applied. 

^Trom the filtrate from the proline compound, hydroxyproline may be 
precipitated by the addition of Reinecke salt, [Cr(CNS)4(NH8)2]-NH4, 
together with pyridine. Purification of the hydroxyproline is difficult and 
the method is probably considerably less satisfactory as an analytical pro- 
cedure than that employed for the other amino acids. Nevertheless higher 
yields, as compared with the results of other methods, were obtained. 

consideration of the difficulties and uncertainties involved in these 
precipitation methods— particularly, with respect to the incompleteness of 
precipitation and consequent necessity for the use of solubility correc- 
tions — ^has led during the past two years to the development of methods 
of a new type in Bergmann^s laboratory^^^’ If to a solution of an 

amino acid a reagent is added in quantity less than sufficient to precipitate 
all the amino acid, a precipitate will form that contains, when equilibrium 
is reached and on the simplest assumption of binary salt formation, equi- 
molecular quantities of the reagent and the amino acid. The mother 
liquor will contain a certain concentration of the ions of both reagent and 
amino acid. If a known amount of reagent has been employed, the con- 
centration of the reagent left in the mother liquor can be calculated and an 
equation set up for the solubility product of the two ions. If a second 
experiment with a different amount of reagent is then carried out, and the 
solubility product calculated, these two results can be equated. In the 
resulting expression, the only unknown is the molar concentration of the 
amino acid in the solution at the beginning. This calculation assumes that 
molar concentrations can be substitutejd for ionic concentrations, that 
activity coefficients do not change during the experiment, and, for success, 
requires rigid control of the physical conditions under which the experiment 
is conducte4. The great advantage is that no knowledge of the solubility 
of the amino acid compound is required and, accordingly, the insidious 
errors are avoided that may creep in when the solubility of a compound in 

wfl.+.pr id iidpd fl.R rinrrpnfinn fnr t.ViP sinliiKili+.v nf flQ.mp prkTYinmmH in n. 
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of the assumptions involved, quantitative recoveries of amino acids, either 
in pure solution or in mixtures, can be readily secured. 

^^New data have already been obtained in several cases by this method. 
For example, the glycine content of gelatin, previously given as 25.5 per 
cent, is now found to range from 26 to 27 per cent according to the source 
of the protein preparation. The proline, formerly 19.7 per cent, is now 
17.5 per cent with a precision of about 2.5 per cent of this value* The 
revision downwards by the new method furnishes an illustration of the 
effect of errors in the earlier method. 

^Tn order conveniently to apply this method, Bergmann and Stein^^^ 
have proposed an entirely new reagent for certain amino acids, namely 
naphthalene-/3-sulfonic acid, the salts of which are referred to as nasylates, 
to distinguish them from the naphthylenesulfonyl derivatives. The 
selection of this substance, which yields salts that are only moderately 
insoluble, is possible because a definite and appreciable solubility is a 
distinct advantage in the application of the new solubility product method 
and simple binary salt formation with the amino acid is desirable. With 
this reagent, the determination of leucine, arginine, and probably other 
amino acids, is possible. The salts of isoleucine and valine are more 
soluble than those of leucine and, accordingly, these amino acids do not 
interfere with leucine determinations in proteins. The determinations of 
phenylalanine with this new reagent or some substance of analogous 
properties also appears to be a definite possibility. 

^^As yet this method has not been applied to more than a few proteins. 
But the accuracy with which solutions of amino acids, or simple mixtures of 
amino acids can be analyzed suggests that most valuable results are to be 
anticipated^' (reference 14, p. 105-107). 

Another method, recently introduced^^^’ which promises ^ to be 
extremely powerful depends on the availability in concentrated form of 
isotopes such as deuterium and the nitrogen isotope of atomic weight 15. 
A pure sample of a given amino acid containing a known amount of deu- 
terium or in a stable position, is added to a completely hydrolyzed 
sample of a given protein. A sample of the same amino acid is then isolated 
in pure form from the hydrolysis mixture including the added amino acid. 
If the amount of added amino acid is x and its isotope content is Co while 
the isotope concentration of the specimen of pure amino acid as finally 
isolated is C ; then the amount of the amino acid present in the original 
mixture — y — ^is: 
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(All isotope concentrations must be stated as excess above the amount 
normally present.) The great advantage of this method is that quantita- 
tive isolation of the amino acid is unnecessary. It is, on the other hand 
extremely important that the sample of amino acid as finally isolated 
should be as pure as possible. This method has not yet been extensively 
employed but its possibilities appear to be very great. It should be noted, 
however, that while this method should permit very accurate determina- 
tions of the amino acid content of protein hydrolysates, it does not take 
account of any destruction of the amino acid which may have occurred 
during the process of hydrolysis. This limitation, of course, holds also 
for ail other methods of analysis hitherto developed. 

Amino Acid Composition of Proteins 

While awaiting the further development of these newer and more 
accurate methods we may none the less consider the present evidence of 
the amino acid composition of proteins. The proteins that have been 
'repeatedly studied by a large' number of investigators are not necessarily 
those that we now believe to be the best characterized chemical individuals. 
The organic chemists concerned with improvement in the methods for the 
isolation, or estimation of the amino acid contents of proteins have often 
been satisfied with proteins readily prepared in large amount. Many of 
these have not been crystallized or characterized by the newer physical 
chemical methods. Indeed there is now evidence that many of them can 
be separated into more than one molecular species. Thus the protein 
fraction previously known as lactalbumin is .now knov^n to consist in part 
of a well defined crystalline globulin, lactoglobulin. Only fragmentary 
knowledge of its composition is as yet available. The analytical results on 
lactalbumin are therefore not considered here though they bore an inter- 
estingly close relation to those of casein^®’ The results on casein 

are, however, included in Table 5, as are those of gliadin and zein, edestin 
and the coconut globulin, egg albumin and serum albumin, fibroin and the 
spider fibroin investigated by Emil Fischer. Although the results for 
egg and serum albumin are included because so many analytical measure- 
ments have been reported, it is to be expected that far better preparations 
of both of these crystalline proteins will presently be available and that the 
analytical results for them, as for other proteins when they have been 
further purified, will differ appreciably from those that are thus far available. 

The results of analyses that have been reported are thus tabulated 
without any intention of considering many of them as yielding more than 
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tion of others, such as the dicarboxylic acids, suggest that these should be 
considered as minimal estimates. Higher yields \vill subsequently be 
reported, as has already occurred for the aspartic and glutamic acid 
contents of the proteins that are being studied by ChibnalL* On the 
other hand, as Vickery has pointed out, certain of the results in the litera- 
ture may prove to be somewhat too large because of the occlusion of 
impurities during precipitation^^. 

The sum of the percentile composition for several of the proteins for 
which results are tabulated exceeds 100 per cent, since the weight of the 
amino acid analyzed includes the water combined by the amino acid 
residue during hydrolysis. These results are recalculated (in Table C) 
in terrns of the weight of the amino acid residues for the few proteins whose 
analyses are most complete, so that if the amino acid composition of the 
protein were completely known the residue weights would equal 100 
per cent. 

Even in the cases for which this figure is approached, the tentative 
nature of these results should be borne in mind, for the analyses reported 
from different laboratories have often been carried out on quite different 
preparations. Moreover, the protein preparations employed and analyzed 
have rarely been shown to represent chemical individuals by any of the 
physical chemical methods upon which we may now rely for the purification 
and characterization of protein molecules. 

It is none the less of interest to note the differences in the free groups 
of different proteins and to point out the importance that must be attached 
to the improvement of analytical procedures upon which our notions 
of the fine structure of the proteins must ultimately rest. The analyses 
on the basis of which their percentile compositions have been determined 
have been discussed elsewhere^®' Although it must be remem- 

bered that in many cases the number of groups of any kind may at this 
time only be estimates, since the analytical evidence regarding many' of 
these residues is by no means satisfactory, there is none the less an ad- 
vantage in considering the differences in protein molecules which emerge 
from the analyses at present available. 

Zein and gliadin are classified as prolamines. That is to say, they 
are insoluble in water, but soluble in alcohol-water mixtures. Their 
compositions are known to over 85 per cent, and so it would appear to be 
significant that they contain very few basic' amino acids and very few 
free carboxyl groups, consisting predominantly of glutamine and aspara- 
gine, of proline and of monoamino-monocarboxylic acids with paraffin 
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side chains. Even certain differences between zein and gliadin may be 
worth noting. Thus the former is poorer in amide and pyrrolidine groups, 
whereas the latter is poorer in the number of non-polar CH2 groups in 
paraffin side chains. 

As compared with the small proportions of basic and carboxylic groups 
of zein, and the only slightly greater proportion of basic and free carboxylic 
groups of gliadin, egg albumin has far more basic and free carboxylic 
groups and is extremely soluble in water, being therefore classified as an 
albumin. 


Table 6. Weight Pee Cent of Amino Acid Residues in Peoteins 



Molecular weight 
of amino acid 

Weight per cent of amino acid residues 
Egg 

Amino add 

, residue 

Insulin 

albumin 

Edestin 

Gelatin 

Zein 

Glycine 

57.03. 


0 

2.89 

19.38 


Alanine 

71.04 


1.77 

2.87 

6.94 

7.81 

Serine 

87.08 

2.96 


0.27 

2.73 

0.85 

Threonine 

101.10 

2.26 



1.19 


Valine 

99.08 


2.12 

4.74 


1.59 

Leucine and isoleucine 

113.08 

25.88 

9.24 

18.03 

6.12 

21.56 

Proline 

97.08 


3.50 

3.46 

16.62 

7.63 

Oxvprolino 

113.06 



1.73 

12.42 

0.69 

Plic-nvlriljinlnc 

147.08 


4.52 

2.75 

1.25 

6.77 

Methionine 

131.18 


4.60 

2.10 


2.07 

Cystine 

222.18 

11,56 

1.65 

1.26 

0.17 

0,84 

Tryptophane 

186.08 


1.21 

1.33 



Tyrosine 

163.08 

11.25 

3.58 

4.09 


5.31 

Histidine 

137.08 

9.46 

1.31 

2.13 

2.60 

0.72 

Arginine 

156.08 

2.73 

5.07 

15.03 

7.78 

1.43 

Lysine 

128.08 . 

1.10 

4.36 

2.08 

5.19 


Aspartic acid* 

115.08 


7.00 

10.38 

2.94 

1.56 

Glutamic acid* 

129.08 

13.80 

4.79 

1.83 

1.70 


Hydroxyglutamic acid 

Glutamine* 

145.08 


1.21 



2.22 

128.06 

12.43 

9.27 

16.33 

3.44. 

27,69 

Per cent protein as amino acid residue: W* 

93.43 

65.20 

93.30 

90.47 

88.74 


The values in this table correspond to the values recorded in. Table 6. 

* The assignment of the amide nitrogen to glutamine or asparagine is arbitrary in this calculation. For 
convenience all was assigned to glutamine whenever possible. The final result is independent of this choice. 


The above proteins have been prepared in a variety of ways and studied 
by a variety of methods by different investigators. The criterion that a 
reproducible product was^ analyzed has therefore merely been the consist- 
ency of the analytical results’ In contrast we may consider certain pro- 
teins which have more recently been crystallized and the analytical results 
on which they have for the most part been carried out by only a few in- 
vestigators. Whereas these proteins are thus well characterized as chemi- 
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crystallized some years since from tke albumin fraction of milk by Palmer^^®, 
which has a solubility of approximately 0.8 grams per liter in water at 25"^, 
but is relatively soluble in salt solutions and has therefore been called 
lactoglobulin. 

Two of the other proteins considered have well known physiological 
functions: pepsin is an enzyme, insulin a hormone. Pepsin is very poor 
in basic amino acids, rich in free carboxyl groups and has very acid proper- 
ties. It is also richer in tyrosine than the other proteins thus far con- 
sidered, though not richer than insulin. Perhaps the outstanding char- 
acteristic of the latter protein, however, is the large number of cystine 
residues that it contains rather than its acid and basic groups, which would 
not appear on the basis of existing analyses to be very different from those 
of other proteins. Pepsin may be classified as a globulin, since it is soluble 
in salt solutions but not in distilled water. Certamly there are differences 
in the composition pf these proteins of nearly the same size and shape, but 
certainly also these do not yet suffice to allow us to predict behavior— 
e spec iafiy physiological behavior. 

Physiological behavior may often depend upon a very small fragment 
of the molecule, the groups of which are arranged in a special configuration. 
In the case of hemoglobin and of cytochrome, of the hemocyanins, of the 
yellow enzymes, and of certain other proteins the reactive group may be 
considered as prosthetic, and is chemically quite unlike the amino acids. 
Even in these substances, however, the reactivity of the prosthetic group 
is fundamentally dependent on the nature of the amino acid residues in 
the protein molecule to which it is attached. In the case of insulin, 
however, as we have seen, investigation has thus far revealed no compo- 
nents of the molecule other than the normally occurring amino acids, 
and the specificity of physiological behavior of this molecule^^’ 
would thus appear to depend, as in the case of many enzymes, in large part 
upon the arrangement in space of charged and uncharged, polar and non- 
polar amino acid side chains 

^29 Palmer, A. J. Biol. Chem., 104, 359 (1934). 

130 du Vigneaud, V., ScienL Monthly, 40, 138 (1935); J. Wash. Acad. Set., 27, 365 (1937). 

131 Northrop, J. H., Physiol. Rev., 17, 144 (1937). 

132 Van Slyke, D. D., Hiller, A., and MacFadyen, D. A., [7, Biol. Ckem., 141,681 (1941)] have recently 

described a method of determining hydro'""’*"’” r ■’ O' ■. few of the proteins examined yield 

more than traces, and none was found in • ; 'i ■ casein and zein were found each to 

yield 0.33 per cent of their nitrogen as hyc ' i ■ ■ ! ■ the jprotein from which Van Slyke 

and his associa ^— ‘ ■! \ ''' in, R. J,, and MacFadyen, 

D, A., Proc. Sc ■; *' .1'*. ■■■■■ ■' ■ ■ . - ; ■ ■ vjpectively in two different 

prepa'“ation3. ’ ■'.■■■■■■■;. ■ '■ . h its behavior is consistent 

with the view ; ■ .: i ■ . .. The allocation of the hy- 
droxyl group a . ■■ ; be established. 



Chapter 16 

Density and Apparent Specific Volume of Proteins 

By Edwin J. Cohn and John T. Edsall 

The apparent molal volumes of amino acids and related compounds 
have been considered in detail in Chapter 7. From the discussion given 
there, it is apparent that particular atomic groupings — such as the CH 2 , 
the CONH, or the OH group — contribute characteristic increments to 
the apparent molal volume of a molecule, these increments being nearly 
independent of the nature of the other groups present. Similarly, the 
apparent molal volume of a simple protein may be computed from the char- 
acteristic volume increments of the amino acid residues of which it is com- 
posed, if the composition of the protein is known.^’^ Denote the glycyl 
H’esidue as component 1, alanyl as 2, etc. Then, if the protein contains 
Ui moles of the f’th amino acid residue (of molecular weight Mi, and 
apparent molal volume the apparent molal volume of the protein, is: 

( 1 ) 

This equation neglects the “covolume” of Traube (see Chapter 7), but the 
magnitude of the covolume is only about 14 cc. This is negligible in com- 
parison with the molal volume of a protein molecule, which is always 
many thousands of cc. Equation 1 also neglects the correction for electro- 
striction due to the charged groups of the protein; this correction is small, 
and is further considered below. 

The molecular weight of the protein, Mp, is 

Mp « SniM i (2) 

Hence, subject to the qualifications stated above, the apparent specific 
volume of the protein is 

Pp Mp l^UiMi 

Pp, the reciprocal of the apparent specific volume, may be called the 
“apparent density” of the protein in solution. 
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in determining molecular weights of proteins by sedimentation and diffu- 
sion (Chapter 19), since the sedimentation velocity of a protein is propor- 
tional to the difference in density between the protein and the surrounding 
medium. The discussion given above indicates that the density of a 
protein should be determined by the relative numbers, and the densities, 
of the different amino acid residues of which it is composed. Thus the 
densities (or specific volumes) of proteins furnish an index of their com- 
position. 

Equation 3 involves the molecular weight of the protein, but it is not 
necessary to know this in order to evaluate the density from the composi- 
tion. If Wi is the weight per cent of the TtYi amino acid residue in the 
protein, and Vi the specific volume of this residue {Vi == then the 

volume of 100 gm of protein is l>ViWi and the apparent specific volume is 


^ l^ViWi 
100 


(4)* 


Knowledge of the TE/s depends on the amino acid analyses discussed 
in Chapter 15. For no protein is the amino acid analysis complete, so 
that some of the WIs are still unknown. If we take account only of the 
analytically determined residues, we may calculate the apparent specific 
volume due to these known residues by the equation 


V, 


2Wi 


(4a) 


the summation extending over all the analytically determined IF/s. If 
all the WiS are known, 4a becomes identical with 4, since then SlFi =« 1(X). 
For several proteins the amino acid analysis is so nearly complete that the 
specific volume may be fixed within narrow limits by the analytical data, 
provided the specific volumes of the residues are known. We shall now 
consider the evaluation of these voluipes. 


The Specific Volumes of Amino Acid Residues 

The Glycyl Residue, — ^NH-CH 2 *CO — . Two different methods of 
evaluating the molal volume of this residue may be employed. On the 
one hand, the residue of glycine may be considered as the sum of the CH 2 
and the CO-NH groups. Taking 16.3 cc as the volume of the CH 2 
group and 20 cc as the volume of the CONH group, the molal volume of 
the glycine residue is calculated as 36.3 cc. The alanine residue would 
on this basis be greater by 16.3 cc; the valine residue by three times 
16.3, and the leucine residue by four times 16.3 cc. 
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the apparent molal volumes of glycine peptides, provided the electrostric- 
tion due to the respective molecules is the same. This would appear to 

Table 1. Molal Volumes of Amino Acids and the Calculation op the Specific 
Volumes of Amino Acid Residues 


Molal volume of residue 



Molal volume 

(Observed 

(Calculated 

Specific 
volume of 


of amino acid 

volume 

from 


observed 

cc. 

—7.4)* 

cc. 

groups) t 
cc. 

residue 

Glycine 

43.5 

36.1 

36.3 

0.64 

Alanine 

60.6 

53.2 

52.6 

.74 

Serine 

60.8 

53.4 

5J^.9 

.63 

Threonine 



71.2 

.70 

£K-Aminobuiyric acid 

76.5 

69.1 

68.9 

.81 

a-Aminovaleric acid 

92.7 

85.3 

85.2 

.86 

a-Aminocaproic acid 

108.4 

101.0 

101.5 

.90 

Proline 

81.0 

7S.6 


.76 

Oxyproline 

84.4 

77.0 


.68 

Phenylalanine 

121.3 

11S.9 


.77 

Methionine 

105,1 

97.7 


.75 

Cystine 



135.4. 

,61 

Tryptophane 

144.1 

1S6.7 


.74 

Tyrosine, t 

123.6 

116.2 


.71 

HistidineJ 

99,3 

91.9 


.67 

Arginine § 



109.1 

.70 

Lysine § 

108.5 

106.8 

105.1. 

,82 

Aspartic acid 

74.1 

66.7 

68.4 

.60 

Glutamic acid 



84.7 

.66 

Oxyglutamic acid 



87.0 

.60 

Asparagine 

78,0 

70.6 

72.6 

.62 

Glutamine 

93.9 ■ 

86.3 

88.9 

.67 


The italicized values of the molal volumes of the residues have been employed in computing the specific 
volumes used in the last column. 

Cohn, McMeekin, Edsall and Blanchard [/. Am. Chem. Soc,, 56, 784 (1934)] give slightly lower values for 
the molal volumes of isovaleric and ispcaproic acids, but a slightly higher value for isobutyric acid, than for 
their normal isomers. Thus for a-aminocaproic they give 108.4, for a-aminoisocaproic 107.5, whereas Dalton 
and Schmidt [J. Biol. Chem., 109, 241 (1936)] give 105.6 for, isoleucine. They also give 106.4 for methionine, 
128.7 for phenylalanine and 61.6 for serine. 

* For the derivation of the factor 7.4 cc. see the text, equations 6 and 6 
t NHa = 7.7; CH 2 = 16.3; COOH = 18.9; CONH - 20.0, etc. 
i Calculated from phenylalanine. 

I These are «-smino acids. The electrostriction is therefore taken as 18 cc. per mole instead of 13.3. 


Table 2. Apparent Molal Volumes op Hydantoic Acids 



CHa 

CONH 

NHa-f 

COOH 

Apparent molal 
volume (cc.) 

Solute 

groups 

groups 

groups 

(cc.) 

Calcu- 

Ob- 

(cc.) 

(cc.) 

lated 

served 

Hydantoic acid 

. ... 16.3 

20.0 

40.7 

77.0 

77.6 

a-Alanine hydantoic acid 

. ... 32.6 

20.0 

40.7 

93.3 

94.2 

/S- Alanine hydantoic acid 

.... 32.6 

20.0 

40,7 

93.3 

95.8 

a-Aminocaproic hydantoic acid 

.... 81.6 

20.0 

40.7 

142.2 

146.4 

e-Aminocaproic hydantoic acid 

Diglycine hydantoic acid 

Trioflvi^inp hvdantoic acid 

.... 81.5 

20.0 

40.7 

142.2 

146.4 

.... 32.6 

40.0 

40.7 

113.3 

112.4 

. ... 48.9 

60.0 

40.7 

149.6 

149.5 
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both are a-amino acids (Tables 1 and 2);* Even more satisfactory com- 
putations can be made by comparison of hydantoic acid with the hydantoic 
acids of glycine peptides or of glycolamide with glycylglycolamide. The 
results for the hydantoic acids, given in Table 2, confirm the estimate 
of the volume increment of the CH 2 CONH group derived from the sum 
of the CH 2 -f CONH groups. The latter estimate must be considered 
more accurate, however, since it is based on many more measurements. 

Correction for Covolume and Electrostiiction. The molal volumes of 
amino acid residues might also be calculated by subtracting a constant 
correction factor from the observed molal volumes of all a-amino acids. 
This factor would take account of the water eliminated when amino acids 
are bound in peptide linkage, and also of the co volume (Chapter 7). 
When this factor is taken as 7.4 cc/mole for all a-amino acids, the molal 
volumes listed in Table 1 for amino acid residues are obtained. The re- 
sults for glycine,, alanine and other a-amino acids are in very satisfactory 
agreement with the values calculated from the volumes of the groups, 
which are also listed in Table 1. The value 7.4 might have been adopted 
empirically because of this agreement, but it may also be deduced as 
follows. The observed apparent molal volume (^) of an amino acid equals 
the sum of the volume increments due to the constituent groups, plus the 
“covolume^^ of Traube, minus the electrostriction of the solvent (jE?)t. 

For a-amino acids we may take E as 13.3 cc/mole, from the data given 
in Chapter 7. Thus, for glycine, we may estimate the covolume from the 
relation: 

Covolume = ^(Glycine) -f - Fnh 2 “ Fch^ Fcooh 

= 43.5 + 13.3 - 7.7 - 16.3 -.18.9 (5) 

= 14.1 cc 

When a glycine molecule is removed from solution, and incorporated 
as a glycyl residue in a protein molecule, three volume changes occur: 
(1) a molecule of water is eliminated; this reduces the volume increments 
of the constituent groups (employing Traube^s figures for H and 0) by 
6.6 cc; (2) the charges on the terminal groups are eliminated; hence the 
electrostriction vanishes; this gives rise to an expansion of 13.3 cc/mole; 
(3) the covolunie term becomes negligible, since the covolume for the whole 
protein molecule is only 14 cc, and this is a negligible fraction of the total 
volume of the protein. Thus this term gives rise to a contraction of 14.1 
cc (see Equation 5). Thus considering these three effects: 

^(glycyl residue in protein) - ^(glycine in solution) = -6.6 + 13.3 - 14.1 
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which is the factor used in obtaining the values in Table 2. The same 
reasoning applies to other a-amino acids. 

Certain minor discrepancies between Columns 3 and 4 may be noted. 
Thus the molal volumes of the asparagine and glutamine residues calcu- 
lated in Column 3 are smaller by 2 cc/mole than those given in Column 4. 
The same is true of aspartic acid. " It is possible that the value 13.3 adopted 
for electrostriction is too small. This is certainly true in the case of lysine. 
In general, isomers with different arrangements in the side chains give 
slightly different values of 4>, and this will give rise to differences in the 
electrostriction values calculated from these data (Chapter 7). Further- 
more it must be remembered that the apparent molal volume of either an 
amino acid or a protein varies with the concentration. 

The molal volume of any residue divided by its equivalent weight yields 
its specific volume, and this is given in the final column of Table 1. "(The 
value of the molal volume from which it is derived is italicized.) The 
specific volume of the COOH group is 0.420, that of the CONH group 
0.465, that of the NH 2 group 0.481, and that of the CH 2 group 
1.63. Despite the wide variation between these results the specific volumes 
of amino acid residues vary only from .60 for aspartic acid, .64 for glycine 
and .67 for histidine to .82 for lysine, .86 for norvaline and .90 for norleucine. 

Specific Volumes of Proteins 

The specific volumes of all proteins must fall within the upper and lower 
limits for the amino acid residues. Those of proteins which yield large 
amounts of glycine and aspartic or glutamic acid on hydrolysis should be 
smallest, those containing large amounts of valine, leucine or lysine, largest. 
Even with the incomplete yields of amino acids thus far obtained estimates 
may be made of the specific volumes of proteins using Equation 4a and the 
data of Tables 1 and 2. This has been attempted in Table 3. The 
necessary analytical data are taken from Chapter 15, Table 6. The 
volume per cent ViWt of each known amino acid residue in the protein is 
recorded in Table 3. Thus the volume of insulin represented by leucine 
residues is calculated to be more than 23 volumes per cent of the protein 
and of glutamine, nearly 10 volumes per cent. 

The calculated specific volumes of insulin, egg albumin and edestin are 
all equal to 0.73 to *0.74. Gelatin, with a very high glycine content, is 
estimated to have a smaller specific volume, 0.71, and zein, with a large 
leucine content, a slightly larger specific volume. 

These calculations must be considered tentative. The proteins in- 
ViQTra in nQC 2 A Kaati H ATYi ATI sIt R tpH to bfi chemical 
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estimates of the specific volumes of the acid residues. Such calculations 
should, however, enable us to determine how far the specific volumes of 
the proteins are determined by those of the groups of which proteins are 
constituted. 


Table 3. Volume Fkactions of Amino Acid Residues in Pkoteins and 
Calculation of their Specific Volumes 


Amino acid 

Specific volume 
of amino acid 
residue 

V 

Volume per cent of amino acid residue: VW 

Insulin 

Esg. 

albumin 

Edestin 

Gelatin 

Zein 

Glycine 

0.64 



1.85 

12.40 


Alanine 

.74 


1.31 

2.12 

5.13 

5.78 

Serine 

.63 

1.86 


0-17 

1.72 

0.53 

Threonine 

.70 

1.58 



0.83 


Valine 

.86 


1.82 

4.08 


1.37 

Leucine and isoleu- 







cine 

.90 

23.29 

8.32 

16.23 

5.51 

19.40 

Proline 

.76 


2.66 

2.63 

12.63 

5.80 

Oxyproline 

.68 



1.18 

8.44 

0.47 

Phenylalanine 

.77 


3.48 

2.12 

0.96 

5.21 

Methionine 

.75 


3.45 

1.57 


1.55 

Cystine 

.61 

7.05 

1.01 

0.77 

0.10 

0.51 

Tryptophane 

.74 


0.90 

0.98 



Tyrosine 

.71 

7.98 

2.54 

2.90 


3.77 

Histidine 

.67 

6.34 

0.88 

1.43 

1.74 

0.48 

Arginine 

.70 

1.91 

3.55 

10.52 

5.45 

l.(K) 

Lysine 

,82 

0.90 

3.57 

1.71 

4.25 


Aspartic acid* 

.60 


4.20 

6.23 

1.73 

0.93 

Glutamic acid* 

.66 

9.10 

3.16 

1.21 

1,12 


Hydroxyglutamic 







acid 

.60 


0.73 



1.33 

Glutamine* 

.67 

8.33 

6.21 

10.94 

2.30 

18.55 

Volume per cent of 

amino acid 






residues 

^ViWi 

68.34 : 

47.79 

68.64 

64.31 

66.68 

Weight per cent protein of amino i 






acid residues 

SPFi 

93.43 

65.20 

93.30 

90.47 

88.74 

Specific volume 







Calculated 

xViWi/mi 

0.73 

0.73 

0.74 

0.71 

0.75 

Observed 


0.749 ; 

‘ 0.749 

0.744 : 




* The asaignment of the amide nitrogen to glutamine or asparagine is arbitrary in this calculation. For 
convenience all was assigned to glutamine whenever possible. The final result is independent of this choice. 


Partial Specific Volumes of Proteins in Solution 

The density of proteins is far greater than that of water and their partial 
specific volumes are therefore far smaller. The partial specific volume 
is e:enerallv estimated Dvcnometricallv in dilute aoueous or electrolyte 



376 


PROTEINS, AMINO ACIDS AND PEPTIDES 


The difficulty of measuring satisfactorily the dry weight of protein 
samples has often been pointed out and depends upon their great affinity 
for small amounts of water. Generally small amounts, less than 200 mgs, 
are dried near 100® for 24 to 48 hours, and weighed in closed weighing 
bottles. Errors due to residual water are always possible. They could 
be estimated by freezing point lowering in organic solvents in which the 
protein is soluble^ Protein concentration is often estimated by nitrogen 
determination,' but the nitrogen factor employed in the calculation is itself 
determined from a nitrogen analysis on the dried protein. 

The partial specific volumes of a few amino acids and peptides, and of 
a few related polar molecules are given in Table *4. Urea, despite the 
absence of the non-polar CH 2 group, is by no means as dense as glycine or 


Table 4 

Apparent specific volume 


Substance 

In solid 
state 

In aqueous 
solution 

A 

Acetamide 

0.863 (1) 

0.931 (6) 

+0.068 

Propionamide 

0.960 (1) 

0,972 (5) 

+0.012 

Butyramide 

0.969 (1) 

0.999 (5) 

+0.030 

Acetylurea 

0.704 (2) 

0.723 (2) 

+0.019 

Urea 

0.749 (1) 

0.783 (6, 7) 

-0.011 

Methyl hydantoic acid .... 

0.715 (3) 

0.713 (3) 

-0.002 

Glycylglycine 

0.644 (3) 

0.584 (3) 

-0.060 

i-Asparagine 

0.648 (1) 

0.591 (3) 

-0.057 

Glycine 

..... 0.622(4) 

0.583 (8, 9) 

-0.039 

d- Alanine 

0.714 (4) 

0.684 (8, 9) 

-0.030 

d-Valine 

. ... 0.813 (4) 

0.770 (9) 

-0.043 

Z-Leucine 

u,858 (4) 

0.817 (8, 9) 

-0.041 


0 ) 

( 2 ) 

(3) 

(4) ' 

(5) !■ 
( 8 ) 

(7) 


From Cohn, E. J., Ann. Rea. Bioehem.^ 4, 93 (1935). 


'•1, ■ i ./Blanchard, M. H., and Weare, J. H., Unpublished data. 

. . ' ■ ■ > and Weare, J. H., J. Am. Chem. Soc., 57, 626 (1935). 

. '-i “ ■ : ■ ■ ■ , Edsall, J. T,, and Weare, J. H., J. Am. Chem, Soc., 56. 2270 (1934). 

I . ■ ■ ■! ■ A. G., /. Chem. Soc., 97, 1935 (1910). 

. . Edsall, J. T., and Blanchard, M. H., J. Biol. Chem,, 100, Proc. xxviii (1933). 

■■ I . ' • ; 13, 111 (1933). 


(8) Dalton, J. B., and Schmidt, C. L. A,, J. Biol. Chem., 103, 549 (1933). 

(9) Cohn, E. J., McMeekin, T. L., Edsall, J. T., and Blanchard, M. H,, J. Am. Chem. Soc., 56, 784 (1934). 


glycylglycine. Methyl hydantoic acid is an isomer of asparagine and of 
glycylglycine, but has a much larger apparent specific volume, both in 
the solid state and in solution. The much greater density of the two latter 
isomers thus 'reflects their dipolar ionic nature. This is true also of the 
specific volumes of the a-amino acids. That of glycine and its peptides 
is far smaller and that of leucine far larger than the values characteristic 
of proteins. The change in apparent specific volume on solution (A) for 
these various molecules is also given in the last column of Table 4. For 
f.hp nnlfi,r mnlpmiles which are not dinolar ions A has either a positive or a 
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of these molecules. (Chapter 7). The very considerable negative values 
of A for the amino acids s^^ould be compared with the values given for 
proteins in Table 7 for two proteins in which the change of specific volume 
on solution is zero within the limits of experimental error. 

The experimentally determined partial specific volumes of the proteins 
are all nearly the same and in the neighborhood of 0.74 or 0.75.* This 
result is essentially what should be expected even in the present incom- 
plete state of our knowledge of protein composition. 

Density of Protein Crystals 

The most important studies on protein crystals are those of Adah and 
Adair^ They suspended the crystals in solvents of approximately equal 


Table 5. Densities op Crystals of Edestin, Horse Serum Albumin j Egg 
Albumin, and of Horse Serum Euglobulin 
D — density reduced to 20°. T = temperature of measurement. W = provisional 

1 ± 1 ^^ ^ 1 i • 


estimate of* hydration in gm water per gm dry protein 


Protein 

Medium 

Temperature 

CC.) 

D 

W 

Edestin 

Saturated ammonium sulfate and 

21.1 

1.317 

0.063 

Edestin 

sucrose 

Phosphate pH 5.0 

22.0 

1.288 

0.143 

Edestin 

Citrate pH 8.3 

24.0 

1.288 

0.143 

Edestin 

Citrate pH 6.6 

20.9 

1,290 

0.137 

Edestin 

Citrate pH 4.3 

24.4 

1.308 

0.086 

Serum albumin 

Half-saturated (NH 4 ) 2 S 04 and 
sucrose pH 4.8 

18.0 

1.276 

0.192 

Serum albumin 

Two-thirds saturated (NH 4 ) 2 S 04 

18.0 

1.279 

0.182 

Serum albumin 

and sucrose pH 4.8 

Citrate pH 6.6 

20.8 

1.246 

0.304 

Serum albumin 

Phosphate pH 5.0 

20.3 

1.237 

0,344 

Serum albumin 

Phosphate pH 3.2 

21.5 

1.278 

0.185 

Egg albumin 

Phosphate pH 5.0 

19.0 

1.239 

0.324 

Egg. albumin 

Phosphate- pH 3.2 

20.0 

1.268 

0.208 

Globulin 

Phosphate pH 5.0 

20.0 

1.236 

0.331 


From G. S. Adair and M. E. Adair, Proc. Boy. Soc. London, B120, 430 (1936). 


density, and centrifuged* the suspension, observing whether the crystals 
rose or sank. The solvents used were concentrated solutions of ammo- 
nium sulfate, of phosphate or citrate buffers, and of sucrose, or mixtures 
of these. By dilution with water, the density of the solvents could be 
varied through a suitable range; some being denser, some less dense, than 
the protein crystals. The density of the crystals was then determined 
by interpolation from the results, of a series of centrifuge experiments. 

Some of their density values are listed in Tables 5 and df. 

It is immediately apparent from these results that the density of protein 
crystals is always less than the “apparent densit^y'^^ of proteins in solution, 
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among the protein crystals studied, has a density approaching this value. 
All of the crystals of animal proteins are less dense than edestin, and the 
density of the crystals varies markedly with the nature of the suspension 
medium. Adair and Adair showed that these density variations were 
reversible; a sample of protein crystals could be transferred from medium 
A to medium B, in which the crystal density was found to differ from that 
in A; when the crystals were brought back into medium A, their density 
rapidly assumed the same value it had had originally in the same medium. 

Superficially there is an analogy here to the behavior of the amino 
acids on solution in water; for the density of an amino acid crystal is gene- 
rally less than the reciprocal of the apparent specific volume of the amino 
acid in water (see Chapters 7 and 8) . This is not generally true of organic 
compounds, and the distinctive behavior of the amino acids may readily 


Table 6. Densities of Cktstals of Horse and of Sheep Hemoglobin 


Species 

Medium 

Temi^^ature 

D 

W 

Horse 

Half-saturated (NH 4 ) 2 S 04 4- sucrose 

19.0 

1.269 

0.166 

Horse 

(NH4)2S04 -|r sucrose pH 6.8 

17.9 

1.264 

0.183 

Sheep 

(NH4)2S04 + sucrose pH 6.8 

20.8 

1.264 

0.183 

Horse 

0.01 M phosphate + sucrose 

NaH 2 P 04 + sucrose 

17.9 

1.267 

0.172 

Horae 

17.9 

1.252 

0.227 

Horse 

Phosphate pH 5.0 

20.0 

1.225 

0.344 

Sheep 

Phosphate pH 5.0 

19.7 

1.226 

0.338 

Sheep 

Citrate pH 6.6 

20.4 

1.231 

0.315 

Sheep 

Saturated (NH 4 ) 2 S 04 H- H 2 O 

22.0 

1.242 

0.267 

Horse 

Saturated MgS 04 + H 2 O 

24.5 

1.238 

0.284 


From G. S. Adair and M. E. Adair, Proc. Boy. Soc. London, B120, 431 {1936). ' 


be explained by the electrostriction of the solvent due to their charged 
groups. A similar explanation of the difference between protein crystals 
and proteins in solution, however, is inadequate to explain the facts. 
We may calculate the electrostriction, for instance, in egg albumin. From 
the recent data of Cannan, Kibrick and Palmer^, egg albumin at the iso- 
electric point contains 91 positively charged groups per 100 kg of dry 
egg albumin, and an equal number of negative charges. The apparent 
specific volume is 0.75, hence the apparent volume per 100 kg is 75,000 cc. 
The electrostriction due tp one pair of charged groups, when the charges 
are widely separated, is 20 cc/mole. Hence 91 pairs give 91 X 20 == 1820 
cc electrostriction per 100 kg of egg albumin, which is 2.4% of the ex- 
perimentally determined apparent volume. The density of egg albumin 
crystals (Table 5), however, was found to be as low as 1.24, or about 7% 
less than the apparent density in solution; so that electrostriction is not 
an adequate explanation of the observed facts. 
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proteins by weighing them in benzene. They obtained densities between 
1.269 for crystalline egg albumin and 1.318 for casein; the values were 
always lower than the apparent density in solution. However, Adair and 
Adair showed that edestin and horse hemoglobin had identical densities 
in suspension and solution, within the experimental error (Table 7). 
The contraction on solution, which would be expected if there were a large 
electrostriction effect, is not present. It seems possible that, in the 
work of Chick and Martin, the densities obtained were too low, because 
of small occluded air bubbles, or because their crystalline egg albumin 
may not have been wholly dry. 

An additional factor, probably much more important than electro- 
striction, is hydration of the crystals. Sorensen^ in 1917 studied suspen- 
sions of egg albumin crystals surrounded by ammonium sulfate solution, 
and the filtrates of the mother liquor from such suspensions. Analysis 

Tabl^ 7. Partial Specii'ic Volume op Dry Protein in Suspension and 

IN Solution 


Protein Horse Edestin 

hemoglobin 

Temperature (°C) 1.0 21.9 

Apparent density of dry protein in the form of solid suspension 
in distilled water, wholly crystalline in the case of hemo- 
globin ‘ 1.344 1.349 

Partial specific volume of dry protein in the form of suspension . . 0 . 744 0.741 

Partial specific volume of dry protein in solution 0.742 0.745 

Contraction in ml/gm crystalline protein dissolved 0.002 -0.003 


From G. S. Adair and M. E. Adair, Proc. Roy. Soc. London, B120, 441 (1936). 


of the crystal suspension, and of the filtrate solution — assuming the latter 
to have the same composition as the mother liquor surrounding the crystals 
— ^permitted the calculation of the water held in the crystals. If Va denotes 
grams of anhydrous protein per gram protein, nitrogen anci r denotes gram 
hydrated protein per gram protein nitrogen, then 

W - (7) 

Va 

where W is- apparent hydration in gram water per gram aiihydrous protein. 
The method of calculating r Wks described by Sorensen in detail. He 
gave W for egg albumin as 0.22 gm. 

Adair and Adair adopted a different method for the calculation of W, 
which depends on the relative densities of protein crystal, anhydrous 
protein, and water. Their analysis of the ‘problem leads to the formula 

/D„ ~ D\ D, 
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where D = density of crystal, Dp ^ density of anhydrous protein (reciprocal 
of apparent specific volume in solution), and Di = density of water. The 
values of IF so calculated are shown in Tables 5 and 6. They range from 
0.063, for edestin in saturated ammonium sulfate and sucrose, to 0.344 for 
serum albumin in phosphate buffer at pH 5 and for horse hemoglobin in the 
same solvent. There are some uncertain elements in the calculation; par- 
ticularly (as Adair clearly pointed out) we cannot determine the exact pro- 
portions in which water and the other components of the solvent medium 
are incorporated in the protein crystal. Sorensen's work showed clearly 
that 'protein crystals, in equilibrium with ammonium sulfate solution, 
contain relatively far more water and less ammonium sulfate than the 
mother liquor; but the exact proportions of the two cannot as yet be speci-^ 
fied. 

/' Since this chapter was written, McMeekin and Warner® have determined 
directly the hydration of crystals of jS-lactoglobulin. This protein can be 
crystallized either from water or from concentrated salt solutions, and 
crystals 2 or 3 mm long, and 1 mm in each of the other dimensions, can 
readily be obtained. McMeekin and Warner wiped adhering mother 
liquor off the crystal" by placing it between two smooth pieces of cotton 
flannel, set the crystal on the pan of a sensitive balance, and determined 
the loss of weight as a function of time, on drying at room temperature 
in air. The weight of the crystal at zero time was determined by extra- 
polation. The final dry weight of the crystal was obtained by drying in 
vacuo over phosphorus pentoxide, or in a vacuum oven at 80°. Control 
experiments with crystals of (NH4)2S04, CuS04'5H20, and Na2SO4*10H2O 
indicated that the method gives accurate values for weight at zero time 
•>/ and for hydration. 

Different experiments gave very consistent results. The loss of water 
was on the average 0.66 gram, per gram of air dried protein; and 0.84 gram 
per gram of oven dried protein. These are of the same order as the value of 
0.54 gram of water per gram of air dried protein calculated from the data of 
Crowfoot^ and much higher than the values calculated by the method of 
Sorensen or that of Adair. 

The amount of water .associated with one gram of protein remained 
unchanged when the salt free crystals were placed in concentrated ammo- 
nium sulfate solutions. Ammonium sulfate, however, was found to diffuse 
into the crystal. The ratio of ammonium sulfate to water in the crystal 
was found by direct analysis to be on the average 82% of that in the mother 
liquor, for mother liquors containing 28.9 to 31.6% of ammonium sulfate by 
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The density of wet salt-free crystals was found to be 1.146, by immersion 
in bromobenzene-xylene mixtures of a series of different densities. After 
the crystals had remained 24 hours in the immersion medium, their density 
had risen to that of dry crystals (1.260). On the other hand, the density of 
wet crystals equilibrated with a solution of saturated ammonium sulfate 
with added sodium sulfate was 1.240, showing the great increase in density 
of wet crystals due to the uptake of salt. The hydration values for wet 
crystals calculated from these density values agreed very well with those 
directly determined, 

, These experiments furnish the most direct evidence yet obtained con- 
cerning hydration. They raise serious questions concerning the validity 
of the assumptions made by Sorensen and by Adair in their indirect cal- 
culations of protein hydration; if these assumptions are used, emplojdng 
McMeekin's data for the density of jS-lactoglobulin crystals in equilibrium 
with salt solutions, the values of hydration thus calculated are less than 
half as great as those directly determined by the drying experiments. As 
yet no protein except /3-lactoglobulin has been studied by this direct 
method, but it seems probable that the hydration figures for other protein 
crystals determined by this method may prove to be higher than those 
previously inferred by calculation. 

As we shall see later in Chapters 18, 19, 21 and 22, the hydration of 
protein crystals in solution is a factor of great importance in calculations 
of their size and shape. The hydration of a protein molecule in solution is, 
however, an essentially different thing from the hydration of a crystal. 
We may define it as the number of grams of water carried by one gram of 
protein when it moves through the solvent, as in sedimentation, diffusion 
or electrophoresis experiments. Data on the hydration of protein cryst^l^ 
give only indirect mformation concerning hydration in this sense. Emowl- 
(■dg(^ of hydnit ion in solution is still very meager, and remains an uncertain 
point in the interpretation of all methods for estimating the shape of 
protein molecules. The data on protein crystals still remain a valuable 
guide to the approximate nature of the effects to be expected in solutions. 



Chapter 17 

Osmotic Pressure and Molecular Weight of Proteins 

By John T. Edsall and Edwin J. Cohn 


The measurement of the colligative properties of solutions — ^freezing 
point depression, boiling point elevation, and osmotic pressure — ^has long 
been a standard procedure in the determination of molecular weights. All 
these measurements are based on the fact that the activity of the solvent 
is decreased by the addition of small quantities of solute, and that in very 
dilute solutions the activity of the solvent is proportional to its mole frac- 
tion. In the study of osmotic pressure it is necessary, that the solution 
to be studied be in equilibrium, with the pure solvent, and that the two 
solutions be separated by a membrane permeable to the solvent and 
impermeable to the solute\ In the absence of a pressure difference be- 
tween the solutions in the inside and outside of the membrane, it is clear 
that equilibrium cannot exist, for the activity of the pure solvent at a given 
pressure and temperature must be greater than the activity of the same 
solvent when it is diluted by the presence of solute molecules. Equili- 
brium, however, can be attained through the application of a pressure 
difference between the solutions inside and outside the membrane. It is 
possible to obtain equilibrium by the application of positive hydrostatic 
pressure to the solution within the membrane, or of a negative pressure 
to the solution outside. Both methods have been used in practice. In 
either case the attainment of equilibrium depends upon the fact that the 
vapor pressure of any constituent of any phase increases with hydrostatic 
pressure according to the thermodynamic relation. 


"Dnn ^ ■f/ 

-=RT— =y. 


( 1 ) 


Here P is the hydrostatic pressure and /x* is the chemical potential of the 
fc^th component, is its activity, and Vk its partial molal volume. Thus 
the system is in equilibrium if the increase in the activity of the solvent, 
produced by the hydrostatic pressure, exactly balances the decrease in 
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have already been set forth.* They lead, in the case of a sufficiently dilute 
solution, to the well known limiting law of van^t Hoff 



Here tt = P" - P' is the osmotic pressure, that is, the difference in hydro- 
static pressure between the inner and outer solutions at equilibrium, and C 
is the concentration of the solute in moles per liter of solution. 

In the past much emphasis has been laid upon the formal analogy be- 
tween this equation and the perfect gas law. The osmotic pressure in a 
very dilute solution is indeed the same as the pressure which would be 
exerted at the same temperature by gas molecules at the same volume con- 
centration as the solute molecules. There is, however, a profound dif- 
ference in the mechanisms underlying the two phenomena. Gas pressure 
is due to the impact of the gas molecules on the walls of the container. 
Osmotic pressure is due to the decrease of the activity of the solvent due 
to the presence of the solute, and to the counterbalancing of this decrease 
by the applied pressure. The magnitude of this pressure is determined 
by the difference in mole fraction, or more generally in the activity, at 
constant pressure, of the solvent between the two phases. It has no direct 
relation to the impact of the solute molecules upon the walls of the mem- 
brane in which they are contained. From the underlying thermodynamic 
relations given in Chapter 3, indeed, it would be legitimate to write vanT 
Hoff^s equation in the alternative form 

lim = ET (3) 

\m/ 

where m is the concentration of the solute in moles per liter of solvent. At 
infinite dilution, of course, C and m are identical. It is generally found in 
practice that equation 3 fits the data on protein solutions, and on most 
other solutions, better than does equation 2. 

Thus, if g is the concentration in grams per liter of the solute to which 
the membrane is impermeable, and M is the molecular weight of the solute, 
then 

ikf = JJTlim (4) 

Vir/ 

This equation is true only as a limiting relation valid at low concentrations. 
At higher concentrations it is found that the osmotic pressure almost 
always rises more rapidly than would be predicted by equations 2 or 3. 
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weights of proteins is far superior to the method of freezing point depres- 
sions or boiling point elevation. The last, indeed, would be totally in- 
applicable to most proteins, since they are denatured at the boiling point. 
The freezing point method is scarcely applicable for accurate determina- 
tions^, since small amounts of impurities of low molecular weight would 
seriously falsify the results. Furthermore, even if proteins could be 
obtained in pure condition, their freezing point depression in dilute aqueous 
solutions would be so small that the results would be inaccurate. Thus 
a 1% solution of egg albumin which is approximately 2.4 X 10“^ molar 
would give a freezing point depression, in water, of less than 0.0005°. 
On the other hand, such a solution gives an osmotic pressure in the neigh- 
borhood of 5 mm mercury or 65-70 mm of water, a quantity which is 
susceptible to reasonably accurate measurements. Furthermore, since 
impurities of low molecular weight can readily pass the membrane, the 
presence of small amounts of such impurities has no appreciable effect on 
the osmotic pressure due to the protein. It is in practice not very difficujlt 
to prepare membranes which are impermeable to proteins, but which ai'e 
permeable to all smaller molecules in solution. It is worthy of remark 
that the study of osmotic pressure has arisen largely from the work of 
biologists. This is hardly surprising, in view of the great importance 
of semipermeable membranes in biology. It was indeed largely the work 
of the botanists Pfeffer^ and de Vries^, on the relation of osmotic pressure 
to the concentrations of solutes, which enabled van’t Hoff to formulate 
his celebrated law, which is embodied in equation 2.' 

In principle the determination of molecular weights from osmotic pres- 
sure measurements by equation 4 is very simple, but in practice many dif- 
ficulties arise. (1) The osmotic pressures of protein solutions are fairly 
small, particularly for large proteins. In very dilute solutions, for which 
alone vanT Hoff^s law is valid, it is difficult to obtain accurate readings. 
In concentrated solutions, the ratio of osmotic pressure to molar concentra- 
tion is usually larger— often much larger — ^than that given by vanT Hoil's 
law. (2) The earlier workers in this field, notably Sorensen® and Adair® 
in their pioneer investigations, employed methods in which osmotic equili- 
brium was attained only very slowly. Several days or even two weeks 
were sometimes required before equilibrium was attained in their experi- 
ments. The danger of denaturation or decomposition of the protein 
under such circumstances is appreciable in many cases, although this danger 
was reduced to a minimum in Adair^s work by carrying out the experiment 
at 0°. Several more recent workers, however, have devised apparatus 

^ The freezing point depressions of certain t)rot,fiins in nliRTinl hnwAvor OT-Aorrinii o««hi«.k 
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in which equilibrium was attained far more rapidly. Oakley^ was able 
to attain osmotic equilibrium in a period which varied between a few 
hours and one or two days, according to the size of the diffusible impuri- 
ties. Bourdillon^ has devised an apparatus requiring only very small 
amounts of protein solution, in which equilibrium is attained in thi'ee to 
four hours at room temperature. In the apparatus recently employed 
by Bull® equilibrium is attained in two to ten hours. The time taken to 
achieve equilibrium in an osmotic pressure experiment thus compares 
not unfavorably with the time required for a sedimentation velocity de- 
termination (Chapter 19) and is far shorter than the time generally re- 
quired in a sedimentation equilibrium study. (3) If the protein is not 
isoelectric, but is combined with anions or cations, these “bound” ions 
increase the observed value of the osmotic pressure because of the Donnan 
equilibria set up^®. The Donnan effect can be reduced by addition of 
neutral salts, but is completely absent only in the isoelectric protein. 
(4) Even when all due precautions are taken, the observed osmotic pres- 
sure can give, only the mean molecular weight of the non-diffusible com- 
ponents of the system. Thus it cannot be learned, from such measure- 
ments alone, whether a given protein preparation is monodisperse or 
whether it is a mixture of molecules of different sizes. For the present, 
an answer to this question can be given only by diffusion and sedimenta- 
tion methods (Chapters 18 and 19). 

In spite of all these technical difficulties, Weymouth Reid^^ as early as 
1904 obtained fairly satisfactory osmotic pressure measurements on 
hemoglobin solutions, which gave an estimated molecular weight of about 
50,000. Reid^s measurements were undoubtedly superior to those of 
Hiifner and Gansser^^ which suggested a molecular weight near 16,000, 
although these attracted far more attention at the time than Reid^s 
measurements. 

It remained for Sorensen^ to make a comprehensive and systematic 
survey of the whole question, and to evaluate correctly the influence of the 
Donnan equilibrium. On the basis of elaborate and painstaking series 
of measurements on egg albumin solutions, he estimated the molecular 
weight of this protein as 34,000. Later studies have led to higher estimates 
for the molecular weight of. this protein, but this great work of Sorensen 
marked an epoch in the development of the subject, and placed it for the 
first time on a satisfactory foundation. 

A few years later, Adair® reinvestigated, with great care and skill, the 
osmotic* pressure of hemoglobin, and deduced a molecular weight near 
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67,000; that is, four times the minimum molecular weight as determiaed 
from the iron content. This value was shortly afterwards confirmed by 
ultracentriPugal studies^^. 

Since that time, a large number of studies of molecular weight by the 
osmotic pressure method have been reported by Sorensen, Adair, Burk, 
Wu, Roche and others. In general, the results from different laboratories 
have been in good agreement with each other and, for the most part, also 
with the results obtained by the ultracentrifugal method. In Table 1 
are given data on the molecular weight of serum albumin from several 
different laboratories, compiled, and in some instances recalculated, by 
Dr. Norval F. Burk; and in Figure 1 a plot of tt/C against C is given for 
the data from the various laboratories. The data of Sorensen and Burk 
were obtained at the isoelectric point pH 4.8, those of Adair and Robinson 
at pH 7.4 where the protein carries a large negative charge. The latter 
data, therefore, require correction for the effects of unequal distribution 
of ions across the membrane. Determinations of ion concentration inside 
and outside and of membrane potentials permit the calculation of the 
correction factor for the Donnan equilibrium. With this correction, 
Adair and Robinson showed that a consistent value for molecular weight is 
obtained in excellent agreement with the data of Sorensen and Burk at the 
isoelectric point. The data of Roche and Marquet at pH 7.4, though 
somewhat more kregular, lead also to a mean molecular weight in very 
good agreement with the others. Data from different laboratories on 
other proteins have not always given such satisfactory agreement as for 
serum albumin; nevertheless, there are few outstanding discrepancies. 
A tabulation of data at present available is given in Tables 2, 3 and 4, 
which were also compiled for us by Dr. Norval F. Burk. 

The observed osmotic pressure at finite concentrations is always greater 
than that calculated from equations 2 or 3, which are strictly valid only at 
infinite dilution. An excellent example of the character of the observa- 
tions found is shown in Fig. 2, taken from Adair^s extensive and careful 
work^^^ on hemoglobin. In this figure, the ratio of the osmotic pressure 
of protein ions to their concentration in grams per liter is more than three 
times as great, at the highest concentrations studied, as in a very .dilute 
solution. Even if the concentration of hemoglobin is expressed as grams 
per thousand grams of solvent rather than grams per liter, the deviation 
is still large. Many such curves may be described over a wide range of 
concentrations, by an equation^^ of the form 



Table 1. Molecular Weight of Serum Albumin from Measurements 
OF ITS Osmotic Pressure 


c 

Concentration 

T 

Observed 

- ^ , 
Osmotic 

■n-ot 

Corrected 

TO 

Mt 

Molecular 

per 100 cc. 
solvent 

osmotic 

pressure 

coefficient* 

osmotic 

pressure 

c’ 

weight 


(a) Solutions at pH 4.8 (isoelectric reaction); buffer, 0.05M acetate; temperature 

0°. [Burk (1)] 


(gm) 

{cm HaO) 


{cm HiO) 


{gm) 

0.78 

2.39 

1.00 

2.39 

3.06 

75,600 

1.25 

4.01 

1.00 

4.01 

3.20 

72,400 

2,79 

8.53 

1.00 

8.53 

3.06 

75,700 

2.82 

8.68 

1.00 

8.68 

3.08 

75,200 

3.38 

10.80 

1.00 

10.80 

3.19 

■ 72,600 

3.49 

10.91 

1.00 

10.91 

3.13 

74,000 

4.18 

13.01 

1.00 

13.01 

3.11 

74,400 

8.98 

27.84 

1.00 

27. S4 

3.10 

74,700 

12.45 

37.69 

1.00 

37.69 

3.02 

76,600 

Mean 

74,500 



(b) Solutions at pH 7.4; buffer 0.0667 phosphate; temperature V, [Adair and 

Robinson (2)] 


1.08 

3.66 

1.10 

3,34 

3.09 

75,100 - 

75,900 

1,50 

5,21 

1.13 

4.59 

3.06 

1.52 

5.46 

1.13 

4.83 

3.17 

73,100 

1.60 

5.78 

1.14 

5,07 

3.17 

75,300 

1.62 

5.70 

1.14 

' 4.98 

3.07 

75,600 

1.89 

6.80 

1.17 

5.81 

3.07 

75,600 

1,97 

7.12 

1.18 

6.05 

3.07 

75,700 

1.99 

7.42 

1.18 

6.31 

3.16 

73,400 

1.99 

6.96 

1,19 

5.87 

2.95 

78,8(X) 

2.00 

7.04 

1.18 

5.94 

2.97 

78,200 

2.08 

7.80 

1.18 

6.61 

3.18 

73,100 

2.11 , 

7.59 

1.19 

6.36 

3.01 

77,100 

2.23 

8.50 

1.19 

7,13 

3.20 

72,600 

2.48 

9.35 

1.22 

7.68 

3.10 

75,000 

2.54 

9.34 

1.24 

7.56 

2.98 

78,100 

2.88 

11.38 

1.25 

9.09 

3.16 

73,600 

2.89 

11.56 

1,25 

9,26 

3.20 

72,500 

3.06 

11.97 

1.27 

9.45 

3.09 

75,200 

3.20 

13.18 

1.26 

10.42 

3.26 

71,400 

3.64 

14.55 

1.34 

10.89 

2.99 

77,700 

3.72 

15.67 

1.32 

11.86 

3.19 

72,900 

3.76 

15.85 

1.33 

11.95 

3.18 

73,300 

3.92 

16,15 

1.36 

11.91 

3.04 

76,500 

3,99 

16.26 

1.37 

11.87 

2,97 

78,300 

4.77 

20.94 

1.43 

14.66 

3.07 

75,600 

4.81 

21.76 

1.42 

15.37 

3.19 

72,700 

5.04 

22.79 

1.44 

1 

15.78 

3. 13' 

74,200 

Mean. . . . 

75,100 



(c) Solutions at pH 7,4; buffer, 0,0667M phosphate; temperature 0°. [Roche 

and Marquet (3)] 


0.578 

2.04 

1.05 

1,95 

3.37 

68,600 

0.684 

2.35 

1.06* 

2.22 

3.25 

71,300 

1.05 

3.56 

1.09 

3.26 

3.10 

74,600 
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Table 1. — Continued 


T 

^ ^ . 
Osmotic 

coefficient* 

Trot 


Observed 
osmotic j 

Corrected 

osmotic 

TTO 

(f 

pressure 

pressure 



Concentration 
per 100 cc 
solvent 


Molecular 

weight 


(d) Solutions at about pH 4. 8; solvent, 5 percent (0.747^) ammonium sulfate; 
temperature 0°. [Burk (1) and Sorensen (4)] 


(gtn) 

(cm HiO) 


(cm HiO) 


(gm) 

1.88 

6.09 

. 1.07 

5.67 

3.01 

76,800 

2.47 . 

8.39 

1.10 

7.66 

3.10 

74,600 

3.90 

13.37 

1,16 

11.54 

2.96 

78,200 

4.13 

14,98 

1.16 

12.94 

3.13 

73,900 

5.06 

18.12 

1.20 

15.12 

2.99 

77,500 

8.58 

35.20 

1.33 

26.38 

3.07 

75,300 

Mean 

76,000 


§8.98 

i 36.35 

1.36 

26.69 

1 2.97 

77,900 

§13.48 

62.80 

1.53 

41.03 

3.04 

76,100 

§22.46 

129.00 

1.88 

68.57 

3.05 

75,900 

Mean, , 

76,600 

Mean of (d) 





76,300 





Mean of (a) (b) (c) and (d) 

74,800 


Calculated from the equation 0 = — = 


— ' ’w^tiere j5 is a constant equal to the slope of the line ob- 

(Cf.{l) in 


tained by plotting against C. From Figure 1, J? = 0 for (a); 0.276 for (b) and (c); 0.1198 for fd). 
regard to the derivation of this equation.) 
t Calculated from the equation wo ~ tt 


ETC ^ 


t Calculated from the equation, M ■ 

§ The measurements of Sorensen, reduced to 0“. 

(1) Burk, N. F., J. BioL Chem,, 98, 353 (1932). 

(2) Adair, G. S., and Robinson, M. E., Biochem. J., 24, 1864 (1930). 

(3) Roche, A., and Marquet, F., Compt. rend, soc. 118, 898 (1936). 

(4) Sorensen, S. P. L., "Profetns,’' The Fleischmann Laboratories, New York, 1925, 


in which t is the osmotic pressure, C' the measured concentration and K 
and h are constants. It has been suggested that h in this equation may 
represent a hydration factor giving the amount of water which is bound 
per gram of protein. It is probable, however, that factors other than 
.hydration are involved in the deviation from a simple linear relation 
between osmotic pressure of the solute and its weight concentration. 
The osmotic pressures observed are functions of the activity coefficients 
of solvent and solute, and these coefficients must be affected by all inter- 
molecular forces, whether these are hydration or other factors. For the 
present, therefore, we may simply regard equation 5 as an empirical rela- 

1- * -T f ‘t — _ ji jt i.!.. .. 
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hemoglobin over a wide range of concentrations and the relation between 
osmotic data and activity coefficients has been given by Adail•^^ 

A number of proteins have been studied in solvents other than water. 
Thus hemoglobin^^ and serum albumin^® have been studied* in glycerol 
and the molecular weight found to be the same in this solvent as in water. 
Burk and Greenberg demonstrated, however, that the molecular weight 
in concentrated urea solutions, though for some proteins the same as in 
water, was for others much smaller. Thus horse hemoglobin, with a 
molecular weight of 67,000 in water, appears to be reduced to half this 
size or about 34,000 in urea. Wu and Yang^^ showed that ox hemoglobin 



also dissociates in urea but that dog and sheep hemoglobins'do not. These 
results on horse hemoglobin have' been confirmed by Steinhardt (Chapter 
19), employing the ultracentrifugal method. Proteins can thus be divided 
into those whose molecular weights are the same in water and urea and 
those that are somewhat less in urea than in water. Thei former group 
includes egg albumin, pepsin, zein, gliadin, and serum albumin. The 
molecular weights of some of the plant globulins, such as edestin, excelsin 
and amandin are annarentlv diminished bv an even larger factor in urea 




390 


PROTEINS, AMINO ACIDS AND PEPTIDES 


Table 2. Molecular' Weight of Various Proteins prom Measurements of 

Osmotic Pressure 


Protein Molecular weight 

Egg albumin (1, 2, 3, 4, 5) 40,000-46,000^ 

Trypsin (6) 36,500 

Pepsin (7) 36,000 

Chymotrypsin (6) , . 41 , 000 

Chymotrypsinogen (6) ! . 36,000 

Zein (8) ; 39,000^ 

Gliadin (9, 10) 41,000 

nn 67,000 

:v," 73,0003 

Serum globulin 174,000®- ® 

Pseudo globulin (12) 177,000 

Euglobulin (13) 174,000 

Amandin (10) 206,000 

Excelsin (10) 214,000 

Hemocyanin, king crab (Limulus) (14) 544,000^ 

Hemocyanin, crab (Carcinus) (15) 550,000^ 

Hemocyanin, octopus (15) 710,000’ 

Hemocyanin, snail {Helix) (15) 1,800,000^ 


The following footnotes apply to Tables 2, 3 and 4. 

^ The study of the molecular weight of egg albumin has had a curious history. 
Sorensen (5), on the basis of his osmotic pressure measurements, estimated the 
molecular weight as 34,000, and a practically identical value was found by Burk and 
Greenberg (16). The earliest studies on the ultracentrifuge [Svedberg and Nichols 
(27)] indicated a value close to 35,000, and the apparently satisfactory concordance 
between twm independent types of measurement appeared to have settled the ques- 
tion. However, Marrack and Hewitt (3), from osmotic pressure measurements at 
37®, estimated the molecular w^eight of crystalline egg albumin to be 43,000. Adair 
(1) reexamined Sorensen’s data and estimated from them a revised molecular weight 
of 43,000. Taylor, Adair and Adair (4) gave a value of 46,000 from osmotic pressure 
measurements, arid Bull (2) has recently obtained a value of 45,000 by the same 
method. Also, within the last few years, the molecular weight of egg albumin has 
been reexamined by the i:li !■.!!:»• r- 1 technique and by diffusion measurements 
in Svedberg’s laboratory. T!!-- •.■.■'.■.i.- now^ given by Svedberg (see Chapter 19, 
Table 1) are 40,500 from sedimentation equilibrium measurements, and 43,000 from 
sedimentation velocity and diffusion. The weight of the evidence from physical 
chemical studies, therefore, points to a molecular weight of 43,000 d= 3,000. 

2 This value is corrected for deviations from the ideal solution law and for the 
Donnan effect. Previous values given by Cohn (28) or Burk (10) were uncorrected. 

3 The mean of the values given by Adair and Robinson (23) 72,000; Burk (19) 
74,600; Roche and Marquet (24) 69,000; and Sorensen, as corrected by Burk (19) and 
by Adair and Robinson (23) for measurements in 5 per cent ammonium sulfate solu- 
tion, 76,300. Because of the different methods employed in calculating the molecular 
weight, this differs slightly from the mean value given in Table I. 

^ Wu and Yang'(20) have studied r-xykemoglr-hb" and * ■ ‘ the sheep, 
dog, and ox in 65% glycerol and have •if.-n-:' :;i -■■■■mlar , ■ ■ ■■ .. from 64,900 

to 65,700 in this solvent for all these proteins. They also report the value 68,000 for 
ox giobin and 62,300 for horse globin in the same solvent. The results of their meas- 
urements on the same proteins in 40% urea solution are given in Table 3. 

s The mean of the values given by Adair and Robinson (23) 175,000 and Burk (12) 
173,000, obtained from measurements upon isoelectric solutions (about pH 5.5), 
Roche and Bracco (26) obtain the value, 150,000, based upon measurements on solu- 
tions alkaline to the isoelectric point (pH 7.4) in which a Donnan membrane equi- 
librium was probably present (cf. (23)). 
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Table 3. Molecular Weights op Various Proteins from Measurements of 
THEIR Osmotic Pressure in Isoelectric Urea Solutions 


Protein 


Molecular weight 


Amandin (10) 

Casein (16)^ 

Egg albumin (16, 17) 

[Pepsin (18) ^ 

Zein (8) 

Gliadin (9, 10) 

Edestin (16) 

Serum albumin (19)' 

Serum globulin (12) 

Hemoglobin (horse) (16) 

Methemoglobin (sheep) (17).. 
Methemoglobin (dog) (20) .... 

Methemoglobin (ox) (20) 

Oxyhemoglobin (sheep) (20) . . 
Oxyhemoglobin (dog) (20) . . . : 
Oxyhemoglobin (ox) (20) — ; 

Globin (sheep) (20) , 

Globin (dog) (20) 

Globin (ox) (20) 


30.000 

33.600 

34.000 
36,a00i«] 
37,0002 

44.200 

49.000 
7Z,m 

173.000 
34,300 

66.200 
65,900 
39,200 

65.600 
65,900 
37,700 
63,000 
67,500 
34,300 


salt solutions acid to the isoelectric point, in which solutions a partial denaturation 
may have occurred, giving rise to inhomogeneity, his values have less significance 
than those obtained from measurements at the isoelectric point. 

7 Uncorrected for deviations from the ideal solution law. 

8 This estimate is based upon measurements on the solutions alkaline to the iso- 
electric point. The elimination of the Donnan effect by extrapolation or by mem- 
brane potential measurements involves some uncertainty. Therefore there may not 
be any real difference in the estimates of this protein from different species, as indi- 
cated here. 

^ McFarlane (30) believes' that this lower value is due to a contamination of the 
serum globulin with serum albumin. His preparations of human serum globulin 
were found to contain 22 to 43% of A fraction (albumin) . 

10 This value was derived from the ultracentrifuge experiments of Steinhardt 
(18), who found that urea caused no dissociation of pepsin. 
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Table 4. Molecular Weight Comparisons 


(a) Protein 

Source 

Molec- 

ular 

weight 

Hemoglobin 

Hemoglobin 

Hemoglobin 

sheep (21) 

horse (11) 

man (22) 

68,000 

67,000 

66,700 

Serum albumin 

Serum albumin 

Serum albumin 

Serum albumin 

ox (23) 

sheep (23) 

horse (24) 

70 000 
70 000 
69,000 
69,000 

Serum globulin 

Serum globulin 

Serum globulin 

Serum globulin 

horse (23) 

sheep (23) 

man (26) 

175.000 

174.000 
160,0008 
103, 000“ 





Fseudoglobulin 

horse (12) 

sheep (23) 

ox (23) 

177,000 

155.0008 

160.0008 

Euglobulin 

Euglobulin 

horse (23) 

sheep (23) 

174,000 

166,0008 

(b) Protein 

Solvent 

Molec- 

ular 

weight 

Hemoglobin (horse) 

Hemoglobin (horse) ... 

water (dilute buffer) (16) 

65% glycerol (16) 

67,000^ 

66,500' 

Serum albumin 

Serum albumin 

water (dilute buffer) (19) 

76% glycerol (19) 

74,600 

74,700 

Gliadin 

Gliadin 

50-60% alcohol, 25-30° (9) 

15% urethane, 25° (9) 

42.000 

41.000 


See notes to table 2. 


solutions. Burk has reported the molecular weights of these proteins 
lie between 30,000 and 50,000 in urea, whereas they are 200,000 to 300,000 
in aqueous salt solutions. Weber and Stover'® have found an even greater 
change for myosin, for which they have estimated a molecular weight of 
the order of magnitude of 1-,000,000 in aqueous salt solutions and of ap- 
proximately 100,000 in urea. 

The study of molecular weights as large as 1,000,000 by osmotic' pressure 
is extremely difficult, since the pressures observed are very small. Satis- 
factory results have, nevertheless, been achieved for some of the hemo- 
cyanins'®. Such large molecules, however, are, in general, much more 
readily studied by the methods of sedimentation and diffusion which are 
treated in detail in Chapters 18 and 19. 

G. Scatchard, A. C. Batchelder and A. Brown (Buffalo meeting of the 
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pressure of serxim albumin in sodium chloride solutions, over a wide range 
of pH without buffer, and have also measured the distribution of sodium 
chloride across the membrane. They find it convenient to express the 
concentrations as moles per kilogram of water and to define the protein 
coniponent as Na -*/2 AlbCU/ 2 , in which Alb represents a protein ion with 



Figure 2. Fobs. = observed osmotic pressure of hemoglobin in millimeters of 
mercury at 0®. Pp — j)artial pressure of the protein ions. Pi — diffusible ion 
pressure difference calculated by formula 34 of Adair [Proc. Roy, Soc. London, 
A120, 595 (1928)]. CHb = grams dry hemoglobin per 100 cc. protein solution, in 
equilibrium with phosphate buffer mixture at pH 7.8. Data from Adair, G. S., 
Proc. Roy. Soc. London, A120 , 595 (1928). 

valence z. This gives an electrically neutral component with one molecule 
for each protein ion, and also corresponds to the continuous changes in 
properties as z changes from positive to negative. The third component 

.,1,1 IJ /vw- iei (Q-xr£k-»'Q rr£i anrfili’m 
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outside, is proportional to the protein concentration m 2 within the 
error of measurement. The ratio of the osmotic pressure to the protein 
concentration, 7r/m2, is an almost linear function of m 2 even up to 300 g 
albumin per kilogram of water, and a straight line was assumed up to 60 g 
per kilo. 

The extrapolated value of w/nh is independent of the valence of the 
protein and corresponds to a molecular weight of 69,000, The slope has a 
very flat minimum when z is about —20. 

The activity coefficients are related to these measurements by the 
equations 

In-' = fe 

^3 1 + 

TT ^ RT / P 22 _ Plz'iUz/4: A 

m 2 Vm ^ ^\4m3 2 1 + iS33m3/2/ 

in which Vm is the voluogie of the outside solution containing one kilo of 
solvent, the first term in the parenthesis' represents the Donnan effect for 
ideal solutions, 


_ d In 72 o d In 72 _ 2d In 73 
dm2 ’ dm3 dm2 


and jdas = 


2d In 73 
dm3 


These are all limits at zero salt concentration. The first two /3^s appear 
to vary but little with protein concentration, but all change with the salt 
concentration. Since jdas is determined by measurements of the activity 
of sodium chloride in the absence of protein, may be determined from 
the salt distribution and then fe may be determined from the osmotic 
pressure. 

In 0.15 m NaCl, fe is nearly constant at —21 from z equal to —25 to 
+10, but it rapidly becomes larger for more positive values of z. For 
isoionic (z = 0) horse serum albumin and CaCb, Joseph's^^ electromotive 
force measurements lead to — 23 rfc 4, but there is no reason to expect the 
two salts to give the same constant within a factor of two. Particularly 
in dilute salt solutions the variation of I52z with salt concentration is more 
rapid than the inverse square root relation used empirically by Joseph. 

On the other hand, varies but little with the salt concentration, but 
changes i^apidly with the valence. In 0.15 m NaCl it is positive from z 
equal to —23 to +11 with a maximum of about 900 when z is about 5; 
it is —2000 when z is 27. 

The explanation of these activity coefficients must be complicated, and 
there is danerer in attributine- the whole effect, even at the isoionic ooint. 
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to a single factor such as hydration. Calculated thus from fe the hydra- 
tion would be large and positive, but calculated from P 23 it would be nega- 
tive. Those parts of these coefficients which vary as the square of the 
valence may be attributed to electrostatic effects depending upon the net 
charge, but there is no simple way to distinguish electrostatic effects which 
depend upon the dissymmetry of the charge from those effects which are 
also operative with uncharged molecules. 



Chapter 18 

Translational Diffusion of Amino Acids and Proteins 

By John T. Edsall and John W. Mehl 

In a state of equilibrium in the absence of external forces, the concentra- 
tion of any molecular species, at constant temperature and pressure, is 
uniform throughout any single phase. If the distribution of molecules is 
not uniform, they will tend to move from regions of higher to those of lower 
concentration. Such a flow is a necessary consequence of the second law of 
thermodynamics, since the entropy of the system is at a maximum when 
the molecules are distributed with statistical uniformity throughout. This 
process of flow, or diffusion, results from the thermal energy of the mole- 
cules, which gives rise to their Brownian movement. The speed with 
which a given molecule diffuses, under specific conditions, is indicated by 
its diffusion constant; and the latter is a function of the size and shape of the 
molecule. 

The Brownian movement of molecules (on which their diffusion de- 
pends) involves not only translation but also rotation. To consider the 
effect of the latter factor, let us imagine a system of ellipsoidal molecules, 
in solution, all alike, whose orientation may be described in terms of the 
angles between their principal axes and some fixed direction in the sur- 
rounding medium. If the molecules are oriented by an external force, 
so that their principal axes are all parallel, and this orienting force is then 
suddenly removed, the parallel orientation will gradually disappear. In 
the final state of equilibrium, the distribution of orientations among the 
molecules will be completely random^ The rotary diffusion constant is a 
measure of the speed with which this equilibrium state is approached. 
Inversely proportional to the rotary diffusion constant is the relaxation 
time, which is proportional to the time required for the molecules to assume 
a random orientation. A spherical molecule may be characterized in 
terms of a single rotary diffusion constant (or relaxation time). An ellip- 
soid of revolution will require two such constants for its characterization; 

one for motion ahont. t.ViA VOT7/^ln•f ir\n r\ir\r\ X'U ^ 
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The study of translational and rotary diffusion provides the most 
powerful set of physical methods at present available for determining the 
size and shape of large molecules in solution. In the determination of 
the translational diffusion constant, free diffusion is permitted to take 
place. Even more important in many cases, however, is the study of 
diffusion modified by the presence of an external force, producing a directed 
flow of solute. Thus, in the determination of molecular weight by sedi- 
mentation equilibrium, as developed by Svedberg, the tendency of the 
molecules to diffuse freely is opposed by a centrifugal field, and the final 
state of equilibrium is determined by the balance between these two op- 
posing forces , In the study of sedimentation velocity in the ultracentrifuge 
(Chapter 19), sedimentation is opposed by the frictional resistance of the 
medium. The latter is inversely proportional to the diffusion constant 
of the molecules, which must therefore be evaluated to obtain the molecular 
weight from sedimentation data. 

Similarly, in the determination of rotary diffusion constants, the 
Brownian movement of the molecules is opposed by an external constrain- 
ing force, which tends to orient them. This orienting force may be a 
shearing stress produced by a velocity gradient in the liquid, as in studies 
of viscosity and double refraction of flow (Chapter 21). If the molecules 
are electric dipoles, the external force may be an electric field, as in studies 
of the dispersion of the dielectric constant (Chapter 22). 

All these methods, and the results obtained from them, will be discussed 
in detail in later chapters. In the present chapter, the laws of diffusion, 
and the relation of diffusion constants to molecular size and shape, will 
be set forth. 


Translational Diffusion 


In 1855, Adolf Fick^ suggested that the process of diffusion could be 
treated as analogous to that of the conduction of heat. Thus, if diffusion 
is taking place in the x direction across an area Q, the mass of solute dS 
diffusing in the time dt at any point should be proportional to the concen- 


tration gradient 


dc 

dx 


at that point, and to the area Q. 


dS 


-D.Q.%dt 


( 1 ) 


The minus sign denotes simply that the solute diffuses in the direction of 
decreasing concentration. 

This relation is known as Fick^s first law; and D in equation 1 is the 



398 


PROTEINS, AMINO ACIDS AND PEPTIDES 


presented subsequently will be expressed in cmVsec. For the amino 
acids, D in water at 20° is of the order of 10”'^ cm^/sec; for the proteins, 
under the same conditions, values of D between 10"“® and 10"“^ cmVsec 
have been found. 

The change of concentration with time at any point along the diffusion 
column is given by the relation 


If Q is constant throughout the diffusion column, equation 2 becomes 


dc ^ ^ c 
dt dx^ 


(3) 


which is Fick^s second law^. 

These equations imply that D is independent of the concentration. In 
general, this is not true, but the analysis of diffusion experiments is usually 
made on the assumption that D can be treated as a constant over a mod- 
erately wide range of concentrations. When this is not true, the experi- 
mental values obtained are mean values over a given concentration range. 
By determining D over several ranges, approaching zero concentration, 
an extrapolated value of D for infinite dilution can be obtained, and it is 
this value which is commonly most important for the theoretical interpreta- 
tion of the data. 

We may now consider two important special cases of systems to which 
Fick’s law is applicable, assuming that the solutions involved are so dilute 
that D is independent of the concentration. In these cases the diffusion 
is assumed not to be restricted by the dimensions of the cell in which the 
process takes place; that is, the diffusion column is long enough and the 
time is short enough so that the concentration changes do not occur at the 
extreme ends of the column. 

Case I: Diffusion from Solution to Solvent. At the beginning of the 
experiment (time t = 0) the concentration of the solute in the negative 
half of the cell is co; in the positive half it is zero. Then analysis shows^ 
that at any time after diffusion begins the concentration of solute as a 
function of time and distance is given by the equation 




(4) 


X * 

where z - and P(^), the probability integral, is 


o 
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The form of the concentration function for various times after diffusion 
has started is shown in Fig. 1. 

dc 

The concentration gradient, — , at any point and time is 

ox 


's/ 4iTDt 


( 6 ) 


that is, this gradient, plotted as a function of x at any given , time, has the 
form of an ideal Gaussian distribution curve (see Fig. 2) ; and the slope of 
this gradient at any point is 

a C _ CqX -x^liDt /y\ 

dX^ 4 ^ 1/2 2 ) 3 / 2 ^ 3 / 2 ® 

The rate at which the concentration is changing with time at any given 
value of rr is » 


dc _ c^x ^-x^iiDt _ 

m ~ 4x1/21)1/2^3/2 ® ~ ^2 


( 8 ) 


showing that the given distribution satisfies Fick^s second law (equation 3). 

Case II: Diffusion from a Thin Layer. At time t = 0 the concentration 
of the solute in the cylinder is zero except for an infinitely thin layer of 
thickness dx between the positive and negative halves of the vessel, in which 
it becomes infinite as the thickness approaches zero. Under these con- 
ditions (see ref. 3) the concentration function at any time after the begin- 
ning of the experiment is 


c 




(9) 


Thus the concentration of solute in this system (Fig. 2) as a function of 
time and distance is given by the same equation that describes the con- 
centration gradient in the system first considered (equation 6), 

In 1888, Nernst^ attempted to examine the process of diffusion morfe 
intimately, and to relate it to forces active in osmosis and in electrical 
conductance and transference. For the case of solutions of non-electro- 
lytes which are sufficiently dilute that the osmotic pressure may be con- 
sidered to be proportional to the concentration 

TT - RTC (10) 


he concluded that the diffusion coefficient should be given by 


1 TT • I 1_ /» . 


D = RT/F 


( 11 ) 
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to the case of a uni-univalent electrolyi^e, he pointed out that the quantity 
F for each ion may be evaluated from the electrical mobility, which had 
been determined by Kohlrausch from conductance measurements, in very 
dilute solutions. Nernst also showed that the difference in mobility of the 



Distance from boundary 

Figure 1. Relative concentration as a function of distance from boundary. 
Diffusion from solution across boundary into solvent. From Williams, J. W. and 
Cady, L. C., Chem. Rev., 14, 171 (1934). 



Disfancer from Boundary 

Figure 2. Relative concentration as a function of distance from boundary. 
Diffusion from thin layer into solvent. From Williams, J. W. and. Cady, L. C., 
Chem. Rev., 14, 171 (1934). 

positive and negative ions would tend to separate them during diffusion, 
and that the consequence of this tendency to separate would be the estab- 
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move under the osmotic force alone. The potential gradient for a uni- 
univalent electrolyte is given by the expression (P = potential) 

dP _ 1 / uc - dir , . 

dx c + UaJ dx ^ 

where Ua and Ue are the mobilities of anion and cation, and w is, as before, 
the osmotic pressure. In terms of the limiting equivalent conductance of 
anion and cation, the value of D at infinite dilution is 


Do = 


2RT Aa - A, 
9.31 X + Ac 


(13) 


From the considerable mass of diffusion data then at hand, ISTernst cal- 
culated values of F (equation 11) for a number of non-electrolytes, but 
concluded that it was not yet possible to decide whether F could be related 
to the weight, constitution and configuration of the molecule concerned. 
Nevertheless the values obtained did show a regular increase with in- 
creasing molecular weight. 

It is evident that these theoretical relations are limited in their applica- 
tion. The treatment of the driving force in diffusion as directly deducible 
from osmotic pressure data is valid only at infinite dilution, for the driving 
force in diffusion must be the escaping tendency of the molecular or ionic 
species involved, whereas osmotic pressure measurements give the escaping 
tendency of the solvent. In addition to the approximation in the formula- 
tion, changes in the escaping tendency with concentration may be ex- 
pected to lead to changes in D as the concentration changes. Changes 
in F with concentration will also lead to changes in D. The changes in F 
for ions cannot be inferred directly from changes in electrical conductance, 
for in the latter case positive and negative ions are moving in opposite 
directions, while in diffusion they are moving together; but there can be 
no doubt that the interactions between ions and molecules in concentrated 
solutions will lead to some change in mobility. An attempt has been made 
to formulate the expression for diffusion more exactly by Onsager and 
Fuoss^ and they have obtained the expression 

D=^RT l+C^] (14) 

where 0/(7 is a ^ ^mobility — that is, the velocity acquired under the action 
of unit force, by the molecular species involved — and the other terms have 
their usual significance. Ah attempt was also made by them to evaluate 
0/(7 as a function of the concentration for electrolvtes and to annlv eaua- 
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some inadequacy in the theory, or to errors in the experimental data, the 
agreement was disappointing. An unsatisfactory attempt was also made 
by Mehl and' Schmidt® to apply equation 14 to data for the diffusion of 
amino acids The assumption made in this case, that Q/C could be 
considered independent of the concentration, was undoubtedly at fault. 
Gordon^ has employed an equation, closely related to that of Onsager 
and Fuoss: 




(14a) 


in which' D^\s the diffusion constant of the solute at infinite dilution, and 
rjQ and rj are the viscosities of the pure solvent and of the solution, re- 
spectively. Gordon and his collaborators® have shown that this equation 
fits the data for several strong electrolytes very well indeed. 

Diffusion and Brownian Movement. In 1905, William Sutherland* 
published “A Dynamical Theory of Diffusion for Non-Electrolytes, and 
the Molecular Mass of Albumins,” in which he applied Stokes^ law to the 
calculation of the force, F, of equation 11. For the case of large spherical 
molecules, where there is no slip between the diffusing molecule and the 
solvent molecules, he obtained the relation 


^TTfr ^irrirN 


(15) 


where r} is the viscosity of the solvent and r is the radius of the diffusing 
molecule^®. Thus the diffusion constant is directly proportional to the 
mean kinetic energy of the diffusing molecule; and inversely proportional 
to the frictional resistance it encounters in its motion; since from Stokes^ 
law the resisting force which a sphere moving through a viscous medium 
with a small constant velocity v must overcome is 

(j) QTTjTV (16) 

It is of some historical interest that Sutherland applied equation 15 
to the data of Graham which had been, analyzed by Stefan^^ and obtained 
a molecular weight of 33,000 for egg albumin. 

In the following year, the phenomenon of the Brownian movement was 
for the first time given a satisfactory theoretical interpretation by Einstein^* 

6 Mehl, J. W . ■ *-!' ^ , Univ. Cal Puhl. PhysioL, 8, No. 13 (1937). 

I Gordon, A / 5, 522 (1937). 

« (a) ‘ I . , A., and Gordon, A. R., Chem. Physics, 7, 89 (1939); (b) James, W. 

A nnri firirrlrtr ' (f,^ Hollinffshead. E. A., and Gordon. A. R.. ibid,, 8, 423 (1940). 
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and Smoluchowski^®, and a far deeper insight into the molecular basis of 
diffusion was thereby obtained. Only a very simple outline of their 
reasoning need here be given. The thermal motion of a molecule is to 
be regarded as purely random; considering only the component of the 
motion along one direction — the x axis — it is therefore apparent that 
positive and negative displacements are equally probable. The probability 
of a net horizontal displacement having a value between x and x + dx is 


P{x) dx = 


^ -a:2/2A2 

V2tA2 


dx 


(17) 


where is the mean square of the displacement in the x direction. This 
mean square value may be found by determining the net displacements 
of a very large number of like molecules over the same time interval; or 
else by determining the net displacement of a single molecule in a large 
succession of repeated time intervals, all intervals being of the same 
length^^. 

It has been shown by Einstein that A^ bea^s a very simple relation to 
the diffusion constant of the molecule. In its simplest form the argument 
is as follows: Imagine the diffusion as taking place across a plane per- 
pendicular to the axis of a uniform tube of unit cross-section. Let the 
concentrations to the left apd right of this plane be ci and C 2 respectively. 
The mean number of molecules passing from left to right across this plane 
(from a mean distance — A/2 on the left to a mean distance + A/2 on the 
right) in time t is 



(18) 


The mean number passing in the opposite direction in the same time is 


rh = 


C 2 A 

"T" 


(19) 


and the net transference from left to right is 

ni- rh ^ (ci - C2) ” 


(20) 


C 2 Cl do 
A dx 


If A is small 
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and the net number of molecules passing from left to right in unit time is 


ni — ?i2 _ —A^dc 
t 2t dx 


( 21 ) 


But by Fick^s first law, the diffusion constant D is the number of mole- 
cules passing unit cross-section in unit time when the concentration 
gradient -dc/dx is unity; therefore 



(22) 

and P(x) in equation 17 becomes 



(23) 


and this (see equation 9) is a solution of Fick^s second law. 

Einstein also generalized the reasoning of Nernst and Sutherland, 
showing D to be a function of the dimensions pf the molecules and the 
viscosity of the liquid. From equation 11, 


^D = 


Po 

F 


RT 

F 

kT 

f 


per gram mole 
per molecule 


(24) 

(24a) 


where the relation po ^ RT follows from van^t Hoff^s law of osmotic 
pressure in very dilute solutions, and / is the force which must act on a 
molecule to give it a velocity of 1 cm/sec in the medium of viscosity ty. 
For a spherical particle, / = QirTjr from equation 16, and the diffusion con- 
stant is therefore given by equation 15. 

For non-spherical molecules, the frictional coefficient F cannot be eval- 
uated from this simple formula. If the molecule is an ellipsoid, then the 
resistance to its motion is characterized by three different frictional coeffi- 
cients, /i, fi, /a, each coefficient characterizing the resistance to motion of 
the ellipsoid parallel to one of its principal axes; and there are three cor- 
responding diffusion constants. 

Di = ~ (25a); ^ ^ (25b); Dz = ^ (25c) 

Ji h js 

The actual free diffusion of a system of such molecules, however, does* not 
follow a direction parallel to any of these axes; the molecules are oriented 
at random and are diffusing in the x direction . Under these circumstances, 
the experimentally determined diffusion constant D is 

^ ~ kT /I 1 l\ 
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For an ellipsoid of revolution, /a = /s in the above fornaulas', and the 
numerical evaluation of the diffusion cpnstant'as a function of the dimen- 
sions of the ellipsoid becomes possible.' Let b be the length of the equa- 
torial semi-axis of the ellipsofd, a the length of the semi-axis of revolution, 
and p the ratio b/a. Perrin has shown that the diffusion constant is 
given by the formula 


Do f (1 p^yi^- 

D fo ^ 2/3 1 + (1 — p^y^ 


(27) 


for an elongated ellipsoid (p < 1 ), and by 

^ = £ = (P' - .281 

D fo tan~^ (p 2 - 1)^/2 

for a jSattened ellipsoid (p > 1 )^® ^ 

Po in these equations is the diffusion constant of a sphere of the same mass 
and volume as the ellipsoid; it can be evaluated from equation 15 if the 
molecular weight {M) and the partial specific volume (7) of the protein 
and the viscosity ( 77 ) of the solvent, are known. 



(15a) 


///o is the ^ffrictional ratio” of Svedberg and Pedersen (17). Values of 
a/h for various values of Do/Z), calculated from equations 27 and 28, are 
given in Table 1, taken from Svedberg and Pedersen^’^’ 

Equations 27 and 28 permit estimations of the shape of protein mole- 
cules if their molecular weights, densities, and diffusion constants are 
known. The results so obtained are set forth in Chapter 19. The signif- 
icance of the molecular shapes evaluated from these equations depends 
on the assumption that the protein molecules can be regarded approxi- 
mately as ellipsoids of revolution. The extent to which such an assumption 
is justified is still an open question. All these equations assume that the 
diffusing molecule is very large in comparison with the solvent — an assump- 
tion probably justified in. the case of the proteins — and that there is no 
slip between the diffusing molecule and the solvent molecules. Also the 
degree of hydration of the diffusing protein molecules raises a difficult 
and still unsettled problem. The molecular weights and densities used 
in the evaluation of Do in equations 27 and 28 are generally values for the 
anhvdrous nrotein. If the diffusing nrotein carries attached to it a certain 
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solvation effect. The magnitude of the solvation is uncertain. The water 
of hydration of various protein crystals has been estimated by Adair and 
Adair^®, who have given values ranging between 0.22 and 0.34 gram of 
water per gram of protein (Chapter 16). if a diffusing protein molecule 
carries with it 0.3 gram of water per gram of protein, then the molecular 
volume of the hydrated protein is approximately 40% greater than that of 
the anhydi’ous protein (allowing for the difference in. specific volume be- 
tween protein and water) and the hydration should diminish Do by approxi- 
mately 10%. As will be seen in the next chapter, however, the observed 
values of D/Do are often niuch lower than can be accounted for by this 


T^ble 1. The Axial Ratio of Ellipsoidal Molecules as a Function 
OF THE Frictional Ratio, f/fo 


Elongated ellipsoids (equation 27) 


1 a 

P h 

11 

J. ^ a ! 
p h 

II 

1.0 

1.000 

12 

1.645 

1,2 

1.003 

14 

1.739 

1.4 

1.010 

, 16 

1.829 

1,6 

1.020 

20 

1.996 

1.8 

1.031 

25 

2.183 

2.0 

1.044 

30 

2.356 

3.0 

1.112 

35 

2.518 

4.0 

1.182 

40 

2.668 

5.0 

1.255 

50 

2.946 

6.0 

1.314 

60 

3.201 

7.0 

1.375 

70 

3.438 

8,0 

1.433 

80 

3.658 

9.0 

1.490 

90 

3.867 

10.0 

1.543 

100 

4.067 


Flattened ellipsoids (equation 28) 


~ A 

a 

/ no 
/ o ' D 

h 

p =» - 

a 

/ no 

/o n 

1,0 

1.000 

12 

1.534 

1.2 

1,003 

14 

1.604 

1,4 

1.010 

16 

1.667 

1.6 

1.019 

20 

1.782 

1.8 

1.030 

25 

1.908 

2.0 

1.042 

30 

2.020 

3.0 

1.105 

35 

2.119 

4.0 

1 . 165 

40 

2.212 

1 5.0 

1,224 

50 

2.375 

6.0 

1.277 

60 

2.518 

7.0 

1.326 

70 

2.648 

8.0 

1.374 

80 

2.765 

9.0 

1.416 

90 

2.873 

10.0 

1.458 

100 

2.974 


The values given in this table are for unhydrated molecules. The effect of hydration on the calculated 
axial ratio is discussed in the text. 

From Svedberg, T. and Pedersen, K. 0., p. 41, “The Ultracentrifuge, “ Clarendon Press, Oxford, 1940. 


calculation; and most of the effects observed must therefore be attributed 
to asymmetry of the protein molecule rather than to hydration. Available 
data on the rotary diffusion constants of protein molecules (Chapters 21 
and 22) also give important evidence in favor of this conclusion. 

Experimental Methods 

There are two important types of experimental methods in use for the 
study of the diffusion of' the proteins and amino acids. The first is of the 
classical sort, involving free diffusion from a solution of the molecule being 
studied into a layer of solvent above the solution. The second method in- 
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The classical method has been considerably refined by workers at the 
Institute of Chemistry and Physical Chemistry at the University of Upsala. 
In this type of experiment it is essential that the boundary initially formed 
between the solution and solvent be very sharp, and that a very accurate 
temperature control and freedom from mechanical vibration be maintained. 
In addition, it is highly desirable to use analytical methods which do nqt 
necessitate sampling and the disturbances involved in such a procedure; 
this is best achieved by optical methods of analysis. In the method of 
Tiselius and Gross^^ the concentration of the protein in the diffusion column 
is determined by photographing the solution, using light of a wave-length 
absorbed by the protein but not by the solvent. From the blackening of 
the photographic plate the concentration of protein throughout the diffu- 
column may be calculated; a series of exposures is taken in successive 
time intervals. The concentration of protein, as a function of distance 
from the initial boundary, is given by equation 4, provided that the protein 
molecules are uniform in size and shape, and that the diffusion constant is 
independent of the concentration. 

A second optical method is that of Lamm^° and Lamm and Polson^^ and 
is based on the refraction of light when it passes through a medium of 
varying index of refraction. Before the diffusion study is made, the pro- 
tein solution is dialyzed at low temperature, usually for several days, 
against an outer liquid of exactly known composition, and the outside 
solvent is replaced and renewed from time to time, in order to insure that 
the composition of the solyent (and hence the refractive index) is deter- 
mined. A uniform, transparent scale placed behind the vertical diffusion 
cell is photographed through the cell, and as the concentration gradient 
changes during diffusion the photographed scale lines become displaced as 
compared with the normal scale. The measurements yield a relation 
between the concentration gradient and the distance from the boundary, 
provided the refractive index is a linear function of concentration. This 
gradient is given by equation 6, which expressed in terms of refractive 
index of the solution becomes (see Laihm^®) : 

dx V 47rD^ 

where no and ni are respectively the index of refraction of solvent and pro- 
tein solution. If the concentration gradient at any time be plotted as a 
function of distance (x) from the boundary, an ideal Gaussian distribution 
-curve (Fig. 2) should be obtained if the protein molecules are uniform in 
size and shape and the diffusion constant is independent of concentration. 
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simple law of free diffusion, may thus be detected by deviations between 
the ideal and the experimental distribution curve. Unfortunately, however, 
diffusion measurements are very insensitive as an indication of polydis- 
persity, which is much more readily detected by sedimentation measure- 
ments. 

This method has also been used by Neurath^^’ in a number of in- 
vestigations; by Entrikin^^ and others in the laboratory of J. W. 
Wilhams at the University of Wisconsin; and by Mehl in unpublished 
investigations from this laboratory. 

The use of the porous disk was introduced by Northrop and Anson^®, 
and has been considerably extended by McBain and co-workers. This 
method has the advantage that precautions taken for accurate tempera- 
ture control and the elimination of mechanical vibration need not be so 

e 

elaborate. It has, however, the disadvantage that the pores of the disk 
may become clogged with air bubbles or with solids, that substances may 
be adsorbed in the material of the disk, that the pores may be small 
enough to hinder the passage of very large molecules, and that some 
reference value must be used for calibration. 

The problem of calibrating the sintered glass diffusion cell has actually 
been one of the most troublesome which has had to be met. Northrop 
and Anson^® had originally used hydrochloric acid for the calibration, 
taking an extrapolated value from the free diffusion data of Oholm. 
McBain and Liu^^ preferred to use potassium chloride for the calibration, 
taking the diffusion coefficient of a O.IN solution as determined by Cohen 
and Bruins^^ The use of either of these standards is, however, open to 
certain objections. For both of these substances the diffusion coefficient 
changes rapidly with the concentration in the region below O.IN. It has 
already been noted that the diffusion coefficient obtained experimentally 
is an average value over a range of concentrations. Although the concen- 
tration range may be the same for free diffusion measurements and for the 
disk method, the way in which the concentration varies along the diffusion 
column will differ in the two cases, and the two types of experiment will 
not be comparable. In the application of equations 1 or 3 to the analysis 
of diffusion experiments, they must be integrated according to the experi- 
mental conditions. If D does not vary with the concentration, or if 
account of its variation can be taken, the results should be independent of 
the method. When, however, the integration is made on the assumption 
that D is independent of the concentration, the relation between the values 

^ Neurath, H., Cold Spring Harbor Symp. Quant. Biol., 6, 196 (1938). 

Neurath, H., and Cooper, O, R., J. Biol. Chem., 135, 455 (1940). 


too A 
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of the mean diffusion coefficients obtained from two types of diffusion 
experiment will depend upon the way in which D varies with the concen- 
tration. For this reason it would be much more satisfactory to use for 
calibration a substance which has a diffusion coefficient independent of the 
concentration. Northrop and Anson^^ have recently proposed the use of 
concentrated sodium chloride solutions. Between concentrations of about 
0.2 to 2. OAT the change in the diffusion coefficient is relatively small, and 
values from the disk and free diffusion methods might be expected to be 
directly comparable. 

Mehl and Schmidt^ have also considered the problem of the calibration 
of the sintered glass diffusion cell, and obtained values in agreement with 
the sodium chloride calibration of Northrop and Anson by two other 
methods which did not involve the use of other diffusion data. However, 
the value obtained for the diffusion coefficient of OAN potassium chloride 
was, on this basis, about 12% lower than the value obtained by Cohen 
and Bruins (confirmed by Lamm^^) by a free diffusion method. For the 
reasons which have been discussed, this was not entirely unexpected, but 
values obtained by Mehl and Schmidt for the diffusion coefficients of a 
series of amino acids are also about 12% lower than those obtained by 
Polson^^ Since the diffusion coefficients of the amino acids are not 
markedly dependent upon the concentration it might be reasonably ex- 
pected that the two methods should agree in this case. 

Important studies, dealing with the calibration of the sintered glass 
diffusion cell, have recently been published by James, Hollingshead and 
Gordon®*^ and by Hartley and Ilunnicles^\ If we consider the diffusion of 
solute across a porous membrane from the concentration c' to concentra- 
tion c", then an apparent diffusion constant, D\ may be computed froni 
the observed amount of solute diffusing per second. 


D'{c' - c" 



D dc 


(30) 


where the true diffusion constant, D, is a function of c. Then an effective 
diffusion constant, D, may be defined by the relation 



K' di 


(31) 


where 6 is the time elapsed, from the beginning of the measurement’ ' 
These relations hold for any value of c' and c'', provided that the concen- 
tration gradient within the diffusion membrane is at all times that for a 
steady state. 
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James, Hollingshead and Gordon®"" have chosen as the best value of 
D/D^, for the diffusion of O.IN KCl into water, 0.924 at 25°. This corre- 
sponds to 0.925 at 18°. Hartley and Runnicles®\ by an entirely different 
method, arrive at the value 0.922 at 18°. The agreement is excellent. 
While these two papers do not completely settle the problem of calibration 
of the sintered glass diffusion membrane, they appear to represent a long 
step toward the solution. We have not attempted at this time, however, 
to recalculate the earlier data in the light of this new work. Hence the 
values given in the following sections must be considered in relation to 
the calibration on which they were based. 

The Diffusion Constants of the Amino Acids 

It will be evident from equation 13 that the diffusion of an amino acid 
at a pH other than that of the isoelectric point will depend upon the nature 
of the other ions present in the solution. Since, in general, the mobilities 
of other ions will be greater than those of the relatively large ions of the 
amino acids, the diffusion of the salt of an amino acid will be more rapid 
than that of the isoelectric amino acid. This effect is illustrated by some 
experiments of McBain and Dawson®^ where the rate of diffusion of glycine 
was increased about 10% by the addition of sufficient hydrochloric acid to 
change the pH from 6 to 4. Except in such cases as this, however, where 
acids or alkalies are added to the amino acid solution, the charge effects 
will be negligible for the monoamino-monocarboxylic acids. The iso- 
electric points lie so close to pH 6 that the concentrations of the ionic forms 
need not be considered. In this case, the diffusion coefficient will depend 
primarily upon the size and shape of the amino acid. 

The diffusion coefficients of a number of the amino acids are given in 
Table 2. Although there is some disagreement as to the magnitude of the 
effect, all the amino acids studied so far (with the possible exception of 
arginine) show a decrease in the diffusion coefficient , as the concentration 
increases®’ Consequently, the values given in Table 2 are those ob- 
tained by extrapolation to infinite dilution. This should make the results 
of free diffusion experiments comparable with those made by the disk 
method. 

In several cases the diffusion measurements have been made at tempera- 
tures other than 20°, as indicated in the column headed “temperature”. 
In order to compare results, all the values have been reduced to 20° with 
the aid of the relation 


Drj/T - Constant 


(32) 
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obtained experimentally. It is a relation which follows from both equa- 
tion 15 and from the theoretical treatment of Eyring'’^, and has been tested 
experimentally in a number of cases®' In the case of the amino acids 
studied by Mehl and Schmidt® the following relations (D in cm^/sec) were 
found to hold: 


Glycine: 
dZ- Alanine: 
dZ-Valine: 
Z-Asparagine: 
dZ-Proline: 


D = 3.04 X 10"*“ {T/v)[l - 0.0014(1’ - 274)] 
D = 2.57 X 10"“ iT/v)[l - 0.0014(7’ - 274)] 
D = 2.17 X 10"“ (T/v) 

D = 2.42 X 10"“ iT/r,)[l - 0.0017(7’ - 283)] 
D = 2.48 X 10"“ {T/r,) 


Even in the case of asparagine, which showed the greatest deviation, the 
error involved in calculating a diffusion coefficient for 30° from measure- 
ments made at 10° with the help of equation 32 would only be about 
2 per cent. 

With the exception of that obtained by Ross and Salter, the values ob- 
tained for the diffusion coefficient of glycine are in reasonably good agree- 
ment if the Cohen and Bruins value for the diffusion coefficient of OAN 
potassium chloride is taken as the standard for calibrating the disk type 
diffusion cell. The deviation of the value of Ross and Salter for glycine 
is rather surprising in view of the excellent agreement between the values 
obtained by Salter for isoleucine and Poison for leucine. With respect to 
the other values, it will be seen that the agreement between the disk and 
free diffusion methods is again satisfactory if the same calibration is used. 
This would indicate that the Cohen and Brums value for potassium chloride 
is satisfactory for the calibration of the sintered glass diffusion cells, but 
would leave discrepancies in certain other data unexplained. 

In a general way, the diffusion coefficient and the molecular weighty or 
molecular volume stand in the expected relation. The trend of decreasing 
diffusion coefficients with increasing molecular size is fairly regular, though 
there are some inversions in order. It is certainly not to be expected that 
equation 15 would be valid for molecules as small as the amino acids, and 
it may reasonably be expected that other factors such as the shape of the 
molecule will influence the diffusion coefficient. At present, however, 
there is no satisfactory method for treating this problem. (See however 
Kincaid, Eyring and Steam®*.) 


The Diffusion Constants of the Proteins 

Because of the necessity for knowing the diffusion coefficient as well as 
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of the studies of protein diffusion coefficients have come from the Upsala 
laboratories. These measurements have been made by the free diffusion 
method,, and seem to be somewhat more reliable than the measurements 
made by the porous disk method. Nevertheless, certain revisions made 
in the published data from time to time indicate the difficulties involved 


Table 2. Diffusion Constants of Amino Acids in Water 


Amino acid 



Pao X 10« 

[cm* sec-^] 
at 

Reference 

Temp 

infinite dil. 

Glycine 

(2) 

20" 

9.5 

Glycine 

(3) 

20" 

9.1 

Glycine 

(1) 

(20°) 

8.6 

9.6* 

Glycine 

(5) 

25" 

9.3 

Glycine 

(4) 

6" 

11.1 

dl- Al&mne 

(2) 

20" 

8.3 

di-Alanine 

(1) 

(20") 

7.3 

8.2* 

c2Z-Valine 

(2f 

20" 

7.35 

dZ-Valine 

(1) , 

(20") 

6.3 

7.1* 

di-Proline 

(2) 

20" 

8.0 

d2-Proline 

(1) 

(20") 

7.2 

8.1* 

2- Asparagine 

(1) 

(20") 

6.8 

7.81* 

(2Z-Leucine 

(2) 

20" 

6.3 

d2-Isoleucine 

(4) 

6" 

6,3 

Tryptophane 

(2) 

20" 

6.1 

Tryptophane 

(3) 

20" 

5.7 

Arginine 

(2) 

20° 

5.8 

Leucylglycylglycine 

(3) 

20" 

4.6 

Lysylglutamic acid 

(4) 

20" 

5.0 

'V W , nnd p T 

. ^^- 1 - Cal, Publ. Physiol., 8, No. 13 

(1937), 


i* ■ . ^ , ’‘i: r\ ! 

,i V ■■ . \\ . }{i> :>.• J . .«-i. ■■■ ; 

? i{ -v-. ■ . j. : . : . ■ ■ : > 

.V . .1 i* I).'. ' 1 . < , 

■ > . 

. ./ ' l'- . Chem. Soc„ S6. 62 (1934). 


’! \.v : r.. - ■(‘■ I- . ■■ . ! ■ . " ■ ■ 

lh»,. (; \ 1 

1 . 'i id of Salter and Ross, were made by the porous disk method; 

of free diffusion. 


^ 1 I ■. . , ' .. liw UlliUSiUU. 

< ;.i> i "■ ■ . ■ :'lue® for the diffusion of KOI. 


in carr3dng out these measurements. A certain number of measurements 
have been made in other laboratories, some usinjg the porous disk method, 

1 1 23 , 24 , 26 
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interpretation of these values for the diffusion of proteins doubly difficult. 
In the tabulation of the diffusion data for the proteins, account must again 
be taken of the method of calibration used. 

In the case of the proteins, as was also indicated for the amino acids, 
diffusion potentials may have a considerable influence on the results. 
Making measurements at the isoelectric point of the protein wiH, of course, 
minimize this effect. In addition, because of the existence of an appre- 
ciable concentration of charged species in isoelectric solutions of proteins 
(Chapter 20), it is desirable to take further steps to reduce the diffusion 
potential. The expression for the diffusion potential in a mixture of salts 
is analogous to equation 13, with a term involving the reciprocal of the 
total salt concentration. Consequently, the diffusion potential may be 
re4uced by increasing the total salt concentration without increasing the 


i . 

in 

c 

(3 

C A 

0 4- 

1 

Q 2 

pH 

Figure 3. The dependence of the diffusion conitant of phycoerythrin on pH. 
From Tiselius, A. and Gross, B., Kolloid-Z., 66, 11 (1934). 

electrolyte concentration gradient. This is accomplished in practice by 
prolonged dialysis of the protein solution against the pure solvent, con- 
taining salt at the desired concentration. The effect of the diffusion 
potential at a pH removed from the isoelectric point is illustrated by the 
data of McBain, Dawson and Barker^^. It is shown, for example, that 
the diffusion coefficient of egg albumin increases by about 50% when the 
pH is changed from 4.5 to 4.0. The effect of a neutral salt in reducing the 
diffusion potential and hence the diffusion coefficient is also, shown by their 
data on egg albumin. The effect of neutral salt is also shown by the data 
of Lamm and Polson^\ In the presence of a sufficient ionic strength, the 
diffusion coefficient of a protein may be constant over a wide pH range. 

4c ci^rvxxm w f.hA data of Tiselius and Gross^^ on H-Phycoerythrin 
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The rise in D on the acid and alkaline sides of this range probably reflects 
a splitting of the molecule into smaller components. 

In addition to the effect on the diffusion potential, added salt and buffer 
will alter the diffusion coefficient as a result of their effect on the viscosity 
of the medium through which diffusion is taking place. There may, as a 
matter of fact, be electroviscous effects, or large effects due to the aggrega- 
tion or dissociation of protein molecules in salt solutions; but the former 
will probably be small, and the latter effects should be readily recognizable. 
Consequently, in order to compare diffusion measurements made in different 
kinds and concentrations of salts account is only taken of the effect of the 
salts on the macroscopic viscosity of the medium, and equation 32 is used 
to obtain a diffusion coefficient for pure water at 20°. The validity of 
equation 32 has been shown from measurements on R-Phycoerythrin by 
Tiselius and Gross^^ at 20° and 30°. D in water at 30° was found to 
be 5.23 X 10~^ The value calculated for 30° by equation 32, from the 
observed value in water at 20° (4.00 X 10“^), was 5.18 x 10''^, which is well 
within the experimental error of the observed value. Poison^® has also 
shown the validity of equation 32 by measurements on egg albumin at 
15°, 20° and 25°. 

It wiU be seen from Table 3 that some very striking concentration effects 
nave been reported by Lamm and Polson^^ for egg albumin, serum albumin, 
and hemoglobin^^ They point out the fact that the sedimentation con- 
stant has also been found to fall in dilute solutions of hemoglobin, indi- 
cating a dissociation of the molecule. Such observations on the two albu- 
mins are as yet lacking, but it seems possible that the same explanation 
may apply. At any rate, i^t does not seem desirable to extrapolate the 
data for the diffusion of the proteins to infinite dilution as was done for 
the amino acids. Where the diffusion has been measured over a ra!nge of 
concentrations, the value selected for comparison would preferably be at a 
concentration in the region where the diffusion coefficient is independent 
of the concentration. -The same considerations would, of course, apply 
to the selection of values of the diffusion coefficient for use in conjunction 
with the sedimentation constant. 

One point may be mentioned in connection with the values obtained by 
the disk method. An objection which has been most commonly made to 
the use of the porous disk in the study of proteins is that the disk may 
readily become clogged with precipitated protein, or that it may hinder 
the diffusion of the protein by wall effects. The results in Table 3 do not, 
however, show any tendency for the values obtained by this method to be 
lower than those obtained bv free diffiiRinn mpflinHcj Q rrt»ci£iTV\ n’r» + 



Table 3, Diffusion Constants op Proteins Which Have Been Studied 
Several Concentrations 


Concentration (%) 

CO-hemoglobin, horse 
1.00 
0.80 
0.66 
0.50 
0.17 

1.00 

0.58 

0.38 

5.0 

• 10.0 

20.0 

2.0 

CO-hemoglobin, human 
3.8, 

2.8 

0.82 

0.4 

0.2 

Egg albumin, chicken 
0.4 


1.4 

0.91 

0.88 

0.83 

0.7 

0.5 

0.15 

1.00 

1.00 


1.00 

Serum albumin, horse *** 
2.0 
0.93 
0.5 

Serum albumin, horsef 
0.850 
0.425 

Serum albumin, horsej 
1.44 
0.720 


Ref. 

Solvent 

(1) 

O.OIM PO 4 
pH 6.8 

(2) 

0.040AfP04 
pH 7.5 

( 3 ) 

M/40 PO 4 

0.5% NaCl 
pH 6.8 

(4) 

M/ 2 OPO 4 
pH 6.8 

(5, 2) 

0.0225M PO 4 
O.IM NaCl 

(1) 

O.OIM Acetate 
O.IM NaCl 
pH 4.7 

( 5 ) 

0.04M Acetate 
0.2M NaCl 
pH 4.6 

(6) 

H 2 O 

(6) 

HCl to pH 4.5 

(6) 

H 2 SO 4 to pH 4.8 

( 5 ) 

0.2M Acetate 
0.2M NaCl 
pH 5.7 

( 7 ) 


(7) 



Temp, 

DX107 


(cmV 

Z>20 X 107 

(“C.) 

sec) 

inHsO 

20 

6.26 



6.27 

6.16 

9.68 

6.3 
at 1% 


14.90 


20 


7.09 



7.20 



7.51 

0 

4.07 

3,95 

3.61 

8.5 
at 2% 

5 

3.94 

6.3 
at 2% 

20 

6.73 



6.77 

6.9 


6.77 

at 1% 


7.34 

to 4% 


7.34 

20 

7.53 

7.7 

at 0.4% 

20 « 

' 7.44- 



7.60 

8.4 


7.55 

at 0.5% 


7.52 


7.50 

7.7 


8.20 

at 1% 


9.71 

25 

11.3 


25 

11.2 

9.8 
at 1% 

25 

11.2 


20 

5.87 

5.95 

6.05 

6.4 
at 1% 


6.0 

6.1 

6.0 

6.3 


at 


The measurements of Anson and Northrop (4) and of Zeile (3) were made enaploying the porous disk 
method, All of the other values given in this table were obtained by the method of free diffusion. 

(1) Tiseliua, A., and Gross, D., KoUoid, Z,, 66, 11 (1934). 

(2) Poison, A.^Kolloid. Z,, 87, 149 (1939). 

(3) Zeile, K., Biochem. Z., 258, 347 (1932). 

(4) Anson, M. L., and Northrop, J. H., /. C?en, Physiol., 20, 576 (1937). 

(5) Lamm, 0., and Poison, A., Biochem. J.. 30, 628 (1936). 

(6) MoBain, J. W., Dawson, C, R., and Barker, H. A., J. Am. Chem. Soc., 56, 1021 (1934). 

(7) Kekwick, R. A., Biochem. J., 32, 552 (1938). 

(8) Svedberg, T., and Eriksson-Quenael, I.-B,, Tab. Biol., 11, 351 (1935/36). 
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Table 4. Diffusion Constants op Cehtain Photbins, Corrected to Standard 
Conditions (Water at 20'^) 


4 . 


Cone. 


Temp. 

Dso X 107 

Protein 

Ref. 

(%) 

pH 

cc!) 

inHaO 

Amandin, Almond 

(9) 



20 

3.6 

Bence-Jones /3 

(2) 

1.0 


20 

7.3 

Canavalin 

(10) 

0.68 



5.1 

Catalase 

(11) 

1 



4.1 

Concanavalin A 

(10) 

0.7 



5.6 

Concanavalin B 

(10) 

0.4 



7.4 

Cytochrome-C 

(2) 

0.6 


20 

10.1 

Edestin, Hemp 

(8) 

0.88 


20 

4.0 

Egg Albumin, Hen 

(5) 

1 

4.6 

20 

7.7 

Erythrocruorin, Lampetra 

(2) 



20 

10.65 

Erythrocruorin, Planorbis (5, 2) 

0.44 

6.7 

20 

1.96 

corneus 






Erythrocruorin, Lumbricus 

(2) 

0.6 


20 

1.81 

Excelsin, Brazil nut 

(8) 



20 

4.3 

Gliadin I 

(5) ■ 

0.616 


20 

4.96 

Gliadin II 

(6) 

0.62 


20 

5.85 

Gliadin III 

(5) 



20 

6.72 

Gliadin A 

(12) 



26 

4.46 

Gliadin B 

(12) 



^ 25 

5.62 

Gliadin C 

(12) 



26 

6.03 

Hemocyanin, Panularis 

(2) 





vulgaris 

(14) 


6.8 

20 

3,4 

Hemocyanin, Helix pomatia 

(2) 






(14) 

0.8 

9.7 

20 

2.23 




8.6 


2.06 




6.8 


1.38 

Hemocyanin, Busy con ca- 

(2) 





naliculatum 

(14) 


9.6 

20 

3.29 




6.8 

main comp. 

1.38 




6.8 

minor comp. 

1.17 

Hemocyanin, Eledone mo- 

(2) 





schata 

(14) 

1,0 

11.6 

20 

2.16 




6.8 


1.64 

Hemocyanin, Nephrops nor- 






vegius 

(14) 

0.8 

6.8 

20 

2.79 

Hemocyanin, Homarus vul- 

(2) 





garis 

(14) 0.67-1.39 

6.8 

20 

2.78 

Hemocyanin,. Helix nemo- 

(2) 





ralis, dissn. comp. 

(14) 

0.8 

8.6 

20 

1.92 

Hemocyanin, Octopus vul- 

(2) 





garis 

(14) 

0.8 

6.8 

20 

t.65 

Hemocyanin, Rossia owenii 

(2) 






14) 


6.8 

20 

1.58 

CO-Hemoglobin, Horse 

(1, 4) 

1 

6.8 

5, 20 

6.3 

in 4M urea 

(13) 



20 

7.81 

in 6.46M acetamide 

(13) 



20 

7.68 

in 4,65M formamide 

(13) 



20 

7.81 

CO-Hemoglobin, Human 

(5) 

1—4 

6.8 

20 

6.9 

CO-Hemoglobin, Lampetra 

(2) 

0.32 

6.7 

20 

10.65 

Insulin 

(2) 

0.2 


20 

8.2 

Lactalbumin a. 

(2) 



20 

10.6 

Lactoglobulin 

(5, 2) 

1 

6.9 

20 

7^2 

Myoglobin 

(2) 

0,4 

7.1 

20 

11.26 

Pepsin 

(2) 

1 

2.0-6. 4 

20 

9.0 

Phycocyan, Ceramium 

(2) 

0.2 

5.0 

20 

4.15 

dissn. comp. 






Phycocyan, R. 

(1) 

0.15 

5.0 

20 

4.05 

Phycoerythrin, Ceramium 

(2) 

0.4 

6.67 

20 

4.06 



translational diffusion of proteins 
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between the two methods is, on the whole, reasonably good, The higher 
value of McBain, Dawson and Barker^® for egg albumin, which cannot be 
brought into agreement with the value from free diffusion, even allowing 
for differences in the method of calibration, may possibly be due to the 
fact that salt was not used to reduce the diffusion potential in the measure- 
ments at the isoelectric point. 

Neurath and Saum®^ have studied the diffusion constant of serum albu- 
min in urea solutions of varying concentration, and have found a very 


Table 5. Diffusion Constants of Certain Proteins Corrected to Standard 
Conditions (Water at 25°) 


Protein 

Tobacco Mosaic Virus 
Tomato Bushy Stunt Virus 
Pepsin (A) 

Pepsin (B) 

Serum Albumin (Hewitt’s method) 
Serum Albumin (McMeekin’s method) 
Serum Albumin* (seroglycoid) 
Pseudoglobulin G I 
Pseudoglobulin G II 
Pseudo globulin G III 
Ribonucleaset 


^25 X 107 


Ref. 

Cone- (%) 

pH 

in H 2 O 

(15) 

0.2-0. 5 

6.8 

0.3 

(16) 

0.2-0. 4 

7.1 

1.31 

(17) 

1.0 

6.0 

9.17 

(17) 

0.7 

5.0 

9.96 

(17) 

0.7 

5.0 

6.95 

(17) 

0, 7-1.0 

5.0 

7.36 

(17) 

0.5 

5.0 

6.93 

(17) 

0.5-1. 5 

5.5 

4.61 

(17) 

0.5-1. 5 

5.5 

4.75 

(17) 

0..5-1.5 

5.5 

4.55 

(18) 

1.0 


13.6 


* Carbohydrate content 4.4 mg per gm of protein- , , 

t Value is for O.SAf (NH4)2S04 at 25^ not corrected to water at 26 , 
See notes to table 3. 


Table 6. Diffusion Constants and Shape Factors of Serum 
IN Urea Solutions 


(Molecular weight 67,100; 

« 8.22 X 10-7; 

a = length 
Do 

of short axis 

a 

Urea (M) 

nx 107 

D 

b 

0 

6.85 

1.20 

4.3 

0.5 

6.20 

1.33 

6.1 

1.5 

■6.08 

1.35 

6.5 

3.0 

5,69 

1.44 

8:0 

4.5 

4.46 

1.85 

16.5 

6.0 

4.27 

1,93 

18.3 

6.66 

4.16 

1.98 

19.4 


Albumin 


of molecules) 


Values of a/b are calculated from equation 27, 

From Neurath, H. and Saum, A. M., J , Biol. Chem., 128, 369 (1939). 


marked decline in D with increasing urea concentrations, even when the 
observed value is corrected for changing viscosity of the medium by 

equation 32, , 39 i. l * 

Since the osmotic pressure measurements of Burk show no change in 
the molecular weight in urea solutions of the same concentration, the fall 
in value of D must presumably be ascribed to an increase in the asym- 
metry of the molecule, which may be evaluated by means of equation 27 
a\ 4-^ ^^r>aQ GAln+inuff sAHim albumin shows no sigmn- 
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cant change in the corrected diffusion constant when dissolved in sodium 
salicylate, even up to 3.5 molar, although the correction factor for vis- 
cosity of the medium in the latter case amounts to 700 per cent. The 
increasing specific viscosity (Chapter 21) of serum albumin, in solutions of 
increasing urea concentration, parallels the decreasing diffusion constant, 
and also points clearly to increasing molecular asymmetry. 

Since recent work indicates^^’ that serum albuniin as ordinarily pre- 
pared does not consist of a 'single molecular species, the quantitative inter- 
pretation of the data of Neurath and Saum may require some future 
revision. The general character of their results, however, is unmis- 
takable^^ 

The important work of Steinhardt on the diffusion and sedimentation 
of hemoglobin and pepsin in solutions of urea and other amides is discussed 
in Chapter 19. 

Hewitt, L. F., Biockem. J., 30, 2229 (1936). 

'‘jMcMeekin, T. L, J. Am. Chem. Soc., 61, 2884 (1939); 62, 3393 (1940). 

^ Recently Neuratn and hia collaborators (24) have studied some of the more highly purified serum albu- 
min fractions (Table 6), but as yet they have reported results only for aqueous solutions. 



Chapter 19 

Sedimentation and Diffusion in Centrifugal Fields: 
Molecular Weights of Proteins 

By John T. Edsall 


Effect of a Centrifugal Field in Modifying the Diffusion Process 

In certain systems of great importance for the study of protein mole- 
cules, the process of free diffusion is modified by the presence of an external 
force which produces a directed flow of the solute molecuW. If this force 
(acting in the x direction) is not too large, it tends to make the solute 
molecules move parallel to the x axis with constant velocity.; the external 
force, 4>, Per gram rnole of solute being balanced by the frictional resistance 
of the medium. If the resulting velocity is denoted by dxfdt, then the 

frictional resistance is F -j-, and 

OiZ 

^ t ^ (I) 

dt. F RT ^ 


where F is the molar frictional coefficient of the solute, which, as has 
already been stated (Chapter 18, equations 11 and 24) is inversely propor- 
tional to its diffusion constant* The flow of solute across an area Ay due 

dx 

to the external force, at a point where the concentration is C, is — CA per 

at 

unit time. On the other hand, the flow due to free diffusion (Chapter 18, 
do 

•'quation 1) is -DA — • Therefore the net rate of flow across the area is 


dx 


dS 

s 


- A 




cdx 
, dt 

(j>C 

11 ~ 


- D 
D 


dc 

dx_ 

*1 

ditj 


( 2 ) 


= DA 


do 

RT~dx_ 


which is a generalized form of Fick’s first law. 


^ The theoretical discussion in this chapter is given in relatively simple form, in order to emphasize the 
-i!-- A and critical discussion is given by Syedberg, 
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The rate of change of concentration with time at any point is found from 
this equation to be 


dc ^ 1 d((j)C) ^ T\ 1 

dt ] dx dx^ ^ RT dx dx^_ 


(3) 


which may be derived from equation 32 of Chapter 18 by the same process 
involved in deriving Fick^s second law (Chapter 18, equation 3) from his 
first law (Chapter 18, equation l)^ It should be noted that equations 2 
and 3 presuppose that D is independent of the concentration, C, of the 
solute over the range studied, and must be modified if this assumption is 
invalid. 


Sedimentation Equilibrium 


Equations 2 and 3 have been found to be of importance in certain electro- 
phoresis experiments, in considering the changes produced by free diffusion 
in the migration of proteins in an electric field. Their principal applica- 
tion hitherto, however, has been in the use of the ultracentrifuge, where 
the external force (j) is centrifugal, and the results of the experiment may 
be used to obtain the molecular weight of the protein. Two methods have 
been employed in ultracentrifugal studies for attaining this end. In the 
first, the method of sedimentation equilibrium, the centrifugal force is 
relatively low, and the experiment is prolonged until the distribution of 
protein throughout the column of liquid Jn the ultracentrifuge has reached 
a steady state; that is, the net flow across any cross-section perpendicular 
to the x axis is zero. Then, in equation 2, ds/dt = 0 at all points, and 


_d^ 

Rf^dx 


(4) 


The centrifugal force, <t>, per gram mole, is equal to the outward acceleration 
produced by the rotation of the centrifuge, multiplied by the difference 
between the mass of one mole of protein and the mass of the solvent dis- 
placed by it. The acceleration is where w is the angular velocity of the 
centrifuge and x is the distance from the center of rotation, and 

4>^xxMa^Vp) ( 6 ) 

where M is the molecular weight of the protein, V its partial specific volume 
^that is, the increment in volume when one gram of dry protein is added 
to a large amount of solvent— and p is the density of the solution. Substi- 
tuting 5 in 4 and rearranging terms 


dc 


c/M(l - Vp) 


X dx 


n/n 


( 6 ) 
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which gives on integrating between two points distant xi and cm from 
the axis of rotation; 


M = 


; 

2jRr In C 2 / C 1 
w (1 - Vp){x\ - xl) 


(7) 


Thus, if a state of equilibrium has been reached and if the solute is mono- 
disperse, its molecular weight may be evaluated by determining the relative 
concentrations at two distances from the center of rotation. If a series of 
values of c as a function of a: is obtained, any inhomogeneity with respect 
to molecular weight will be shown by a drift of the calculated values of M 
with increasing values of x. The absence of drift is therefore a reliable 
indication that the solute is uniform with respect to molecular weight. 
It does not, of course, establish the chemical homogeneity of the solute in 
other respects; indeed mixtures of naturally occurring proteins may be 
obtained, which are uniform with respect to molecular weight, but are 
separable by electrophoresis or by chemical methods. The serum albumins 
and serum globulins furnish illustrations of such systems. 


Sedimentation Velocity 

If centrifugal fields of much higher intensity are employed, the process 
of sedimentation is much more rapid than that of free diffusion; the pro- 
tein, molecules, being denser than the solvent, move outward, away from 
the center of rotation, and a fairly sharp boundary between solvent and 
protein solution is formed. Observation of the rate of motion of this 
boundary is the basis of the sedimentation velocity method. 

During the course of the run, the sedimenting boundary becomes gradu- 
ally blurred by diffusion of solute back into the pure solvent; the method 
of correction for this effect, and the calculation of the true position for the 
sedimenting boundary, have been described by Svedberg and Pedersen 
(reference 1, p. 18). 

It is important in practice, so that motion of the molecules may follow 
radial lines, that sedimentation should take place in a sector-shaped 
cell. Therefore the area across which sedimentation and diffusion takes 
place increases with increasing distance from the center of rotation. This 
introduces additional terms into equations 2 and 3, which have been fully 
discussed by Svedberg and Pedersen; the final equations, 7 and 10, from 
which the molecular weight is calculated, are unaffected. 

At the beginning of an experiment, the protein molecules, starting from 
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resistance of the medium, as described in equation 1. Then the sedi- 
mentation velocity, from 1, is: 

dx __ (i>D _ 0^^ X M{1 - Vp)D 


The quantity s: 


dx/dt 



is known as the sedimentation constant; it is the sedimentation velocity 
for unit centrifugal acceleration, and has the dimensions of time. For the 
proteins hitherto studied it lies between 1 and 200 X sec. It has been 
recently recommended* that a sedimentation constant of 10“^^ sec be 
denoted as one Svedberg unit (S),'and that all sedimentation constants 
be reported in Svedberg units. 

On substituting 9 in 8, and rearranging, we obtain for the molecular 
weight: 


M = 


RTs 

D{1 ^ Fp) 


( 10 ) 


Thus, for the determination of molecular weight by the sedimentation 
velocity method, independent studies of sedimentation and diffusion on 
the same solute must be carried out. The values for s and D as reported 
from Svedberg’s laboratory are generally given for the protein dissolved 
in water at 20°. If the actual determinations are made at a different 
temperature and in a different solvent, the values obtained are corrected 
to this standard state. The corrected values for D are obtained by the 
use of equation 32, Chapter 18; those for s from the formula 



(1 — F20P20) 

(1 - Fp) 


(9a) 


where s is the observed sedimentation constant, p and are the density 
and viscosity of the solvent at the temperature of the experiment, and V 
is the partial specific volume of the protein under the conditions of the 
experiment; 1720, P205 and F20 are the corresponding quantities for water 
at 20°'. 

It is important, especially if the molecules studied are far from spherical 
in shape, to determine both s and D over a considerable range of concen- 
trations. It has been found by Signer and Gross^ that the sedimentation 


SeeVa‘etnS'S"r 
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constants of polystyrenes of high molecular weight, in organic solvents, 
vary greatly with concentration, the value of s increasing with the dilu- 
tion; 1/s is approximately a linear function of the concentration * Be- 
havior at least qualitatively similar is characteristic of all natural and syn- 
thetic linear high polymersl Recently calf thymus nucleohistone® has 
been found to show similar behavior: S 20 , expressed in Svedberg units, 
varies from 12.5 at 0.82% protein to 24.7 at 0.10% protein. The extra- 
polated value at infinite dilution is 31. The frictional ratio is 2.5, indi- 
cating the extreme asymmetry of the molecules. Nevertheless, sedimenta- 
tion velocity and diffusion experiments gave results in good agreement with 
sedimentation equilibrium studies, the molecular weight being j^etween 
2,000,000 and 2,300,000. 

Equation 7, for sedimentation equilibrium, has also been derived by 
purely thermodynamic reasoning (reference 1, p. 8 and p. 48 ff.); the 
molecular weight so determined is equivalent to one determined by meas- 
urement of the colligative properties off the solution. The sedimentation 
velocity method involves the additional assumption of the validity of 
Fick^s laws of diffusion for the solute molecules^. The theoretical founda- 
tion of this method is thus slightly less rigorous than that of the equilib- 
rium method. The former has, however, two very great practical advan- 
tages: (1) sedimentation velocity experiments are relatively rapid, requiring 
generally only a few hours, while the attainment of sedimentation equi- 
librium may take several days or even weeks. The shorter time involved 
in the former type of experiment is not only a convenience, but it also 
minimizes the danger that the protein molecules may decompose or be 
otherwise altered during the experiment; (2) in a polydisperse system, two 
or more separate boundaries are set up during a sedimentation velocity 
experiment, corresponding to the sedimentation of components of differing 
size or shape. Thus the relative amounts and sedimentation constants 
of the different components may be determined, provided the components 
differ sufficiently in size or shape. The ability to separate different 
components depends upon the resolving power of the centrifuge, which is 
proportional to 03 ^ x h, where h is the length of the column of liquid in 
which sedimentation occurs. In the latest and most powerful centrifuge 
designed by Svedberg, it is possible to separate two molecular species with 
molecular weights of 20,000 and 40,000 respective^* 

Unfortunately, however, knowledge of the sedimentation constant alone 
is not sufficient to determine the molecular weight. It is apparent from 

* This linear relation between 1/a and c is purely empirical and cannot be expected to hold in all cases. 

B Kraemer, E. O., and Nichols, J. B., Ref. 1, p. 416; Signer, R., Ref. 1, p. 431. 
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equation 10 that the diffusion constant is of equal importance; and diffusion 
constants of proteins are in general much less accurately known than 
sedimentation constants. Determination of a diffusion constant requires 
a prolonged experiment, lasting several days. The danger of alteration 
of the protein during the experiment is therefore considerable, as it is 
during a sedimentation equilibrium determination. For this and perhaps 
for other technical reasons, the probable errors in the D values to be em- 
ployed in equation 10 largely determine the probable errors in the estimated 
molecular weights. 


Frictional Ratios and Their Relation to Asymmetry and Hydration 

Svedberg has also shown how a factor which is a function of molecular 
asymmetry may be derived from a combination of sedimentation velocity 
(or diffusion) and sedimentation equilibrium data. If Me is the molecular 
weight from sedimentation equilibrium', then the molecular frictional coeffi- 
cient from sedimentation data is 


/. = 


Meil - 7p) 
Ns 


or from the diffusion constant (Chapter 18, equation 24a) 



( 11 ) 

( 12 ) 


It has been found experimentally that fe = fd- The molar frictional coeffi- 
cient for a sphere of the same molecular weight may be calculated from 
equation 15 of Chapter 18, and the formula for the volume of a sphere. 

/o = Q-irrirN = 6t7iN ' (13) 

where V is again the specific volume of the protein. Then 


(14) 


f_ _ f‘ _ fi _ -Pq 

/o fo fo D 

Numerical values of f/fo have been obtained in Svedberg’s laboratory" for 
many proteins, and have been found in practice always to be greater than 
unity. Values greater than unity may be explained as due either to asym- 
metry or to hydration of the molecule, or more probably as due to a 
combination of these two effects. Thus, following Oncley*°, we may write 
the observed f/fa valu'e as the product of two factors: 


/ 



( 15 ) 
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where the first denotes the influence of hydration, and the second the influ- 
ence of asymmetry. If the form of a protein molecule may be approxi- 
mated by that of an ellipsoid of revolution, we may employ the equation 
of Perrin* to obtain /,//o as a function of the axial ratio a/b. The hydra- 
tion factor, f/fe is given by the equation“'* 






0 az 0.4 o.e 0.8 i.o 1.2 1.4 IjG l 8 2.0 2.2 2.4 z& zs 2.0 

Hydration 

Grams of Water per Gram of Protein 
Figure 1. Contour lines denote ///o values. 

where w is the hydration, expressed as grams of water bound by one gram 
of protein. Oncley^^ has given a figure (Fig. 1) in which the hydration 
is plotted against the.axial ratio, on a logarithmic scale, the values of the 
frictional ratio being given by contour lines. From this diagram it is easy 
to read off all the values of hydration and asymmetry compatible with a 





426 


PROTEINS, AMINO ACIDS AND PEPTIDES 


Experimental Methods 


The sedimentation equilibrium of colloidal particles in a gravitational 
field played a part of fundamental importance in colloid chemistry a 
generation ago^\ Much larger forces were required, however, to produce 
a readily measurable sedimentation of particles of the size of protein mole- 
cules; and this vast field was first opened to investigation by the great 
work of Svedberg in the development of the ultracentrifuge. The details 
of construction and operation of the ultracentrifuge have been thoroughly 
covered by Svedberg and Pedersen^ and will not be described here. 
Svedberg has constructed two types of instrument; one for speeds which 
will produce centrifugal fields from 50 to 18,000 times the force -of gravity 
— ^this type is particularly adapted for sedimentation equilibrium deter- 
minations^^; the other for centrifugal forces from 8000 to 500,000 times the 
force of gravity, or in some cases even higher. Some of the latest develop- 
ments in the use of these ultracentrifuges have recently been described 
from Svedberg^s laboratory^’ 

Svedberg’s high-speed ultracentrifuge is driven by an oil turbine, and the 
motor runs in an atmosphere of hydrogen at a pressure of a few millimeters 
of mercury. The presence of the hydrogen is essential to conduct away 
the heat which develops in the rotor during the run. The air-driven type 
of ultracentrifuge is based on somewhat different mechanical principles, 
and has been developed from the spinning top of Henriot and Huguenard^^. 
During the last few years this type of instrument has been perfected espe- 
cially by Beams and Pickels^®, Bauer and Pickels^^ and Wyckoff and 
Lagsden^^ A blast of air turns the upper portion of the instrument, from 
which the rotor is suspended by a piece of piano wire. The piano wire is 
completely surrounded by packing which fits very closely and just leaves 
it free to turn, the very small gap between wire and casing being sealed 
by oil. The rotor is completely encased and runs in a high vacuum; 
heating effects are extremely small. This type of ultracentrifuge is useful 
not only for molecular weight determinations, but for the concentration of 
viruses and other very large protein molecules in preparative work. The 
maximum centrifugal force and resolving power attainable with this type 
of instrument are at present somewhat less than with Svedberg^s ultra- 
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centrifuge; but for all except the smallest protein molecules it is very- 
effective, and. it has the advantage of being rather less expensive to con- 
struct. Recent improvements in this instrument have been described by 
Beams, Linke and Sommer”; and Beams” has described a “tubular” 
vacuum type centrifuge for continuous flow, which may prove very useful 
in preparative work.- Other recent technical improvements have been 
described by Hughes, Pickels and Horsfalf® and Pickels^\ 

Recently Beams has developed an electrically driven, magnetically 
supported, vacuum type ultracentrifuge. The system of controls em- 
ployed maintains the speed of rotation constant within 0.05%, and it re- 
quires far less attention from the operator than does the air-driven ultra- 
centrifuge. He also reports, in the same communication, a most interesting 
new development in his laboratory, in which the rotor is attached to- a 
vertical iron rod, which is suspended by the coaxial field of a solenoid. 
The current through the solenoid is so regulated as to mfl.iTita.iTi the rotor 
at a cohstant height, free from mechanical contact with anything. The 
rotor is thus spun in a -vacuum by a rotating magnetic field. McHattie, 
in Beams’s laboratory, has spun a 3/32" steel ball to 6,600,000 rpm, giving 
a centrifugal force of 58 million times gravity. The future developments 
of this method may be very great. 

Another type of spinning top ultracentrifuge has been developed by 
McBain and his collaborators^’. The instrument is very simple and inex- 
pensive to construct, and may lead to important developments, but the 
mechanical difficulties involved in its operation have not yet been com- 
pletely resolved, and it has not yet provided values for the molecular 
weights of proteins comparable in reliability to those given by .the other 
types of ultracentrifuge. 

Several different optical methods have been employed in observing sedi- 
mentation velocity; the light absorption method, using light of a wave 
length absorbed by the protein; the refractometric method of Lamm; and 
the “schlieren” method. All these are fully discussed by Svedberg and 
Pedersen (1). 

Results of Ultracentrifugal Studies on Proteins 

The results at present available on the molecular weights of proteins as 
derived from sedimentation and diffusion data are given in Table 1. 
These data, and the original communications from which they are derived, 
have supplied material leading to a number of general conclusions im- 
portant for protein chemistry. 

II Beams, X W., Linke, F. W., and Sommer, P,, Rev, Sci, Instruments, 9, 248 (1938). 
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Table 1. Moleculak Weights and Frictional Ratios of Proteins 
(This table, except for some modifications and additions, is taken from Svedberg and 
Pedersen (“The IFltracentrifuge’^ p. 406) 


Protein 

Fso 

^20 

Dao 

Ms 

Me 

///a’ 

References to: 

no 

$30 

Z?20 

Me 

Me 

Erythrocruorin 












(Lampetra) 

0.751 

1.87 

10.7 

17,100 

19,000 

1.16 

(1) 

(1) 

(2) 

(3) 

(1) 

Lactalbumin. 

(0.751) 

1.9 

10.6 

17,400 


1.16 


(4) 

(2) 

(3) 


C 5 rtoc]arome cf 

0.707 

1.9 

10.1 

15, 600 


1.29 

(6) 

(6) 

(2) 

(7) 


Myodobin 

0.741 

2.04 

11.3 

16,900 

17,500 

1.11 

(8) 

(2) 

(2) 

(7) 

(2) 

Bacillus Phlei protein. 

0.748 

1.8 

10.2 

17,000 


1.22 

(9) 

(9) 

(9) 

(9) 


Ribonuclease 

0.709® 

1.85® 

13,6® 

12,700 

13,000 

1.04 

(10) 

(10) 

(10) 

(10) 

(10) 

Gliadin** 

0.722^ 

2.1 . 

6.72 

27,500^ 

27,000 

1.80 

(11) 

(11) 

(12) 

(12) 

(11) 

Hordein 

(0.729) 

2.0 

6.5 

27,500 


1.64 


(13) 

(13) 

(13) 


Zein — 

(0.71) 

1.9 

4.0 

40,000 


2.4 


(14) 

(14) 

(14) 


Erytlirocruorin 












(Area) 

(0.751) 

3.46 



33,600 

(Q.99) 


(16) 



(1) 

Erythrocruorin 












(Chironomus) 

(0.751) 

2.0 



31,500 

1.63 


(15) 



(1) 

Lactoglobulin 

0,7514 

3.12 

7.3 

41,500 

38,000 

1.26 

(16) 

(16) 

(2) 

(16) 

(16) 

Pepsin 

(0.750) 

3.3 

9.0 

35,600 

39,000 

1,08 


(17) 

(2) 

(18) 

(19) 

Insulin 

0.749 

3,6 

8.2 

41,000 

35,000 

1.13 

(20) 

(20) 

(2) 

(3) 

(20) 

Bence-Jones ct 

0.749 

3.7® 



35,000 

(0.98) 

(21) 

(21) 



(21) 

Bence-Jones /3 

(0.749) 

2.8 

7.3 

37,000 


1.31 


(6) 

(2) 



Ovalbumin 

0.749 

3.55^ 

7.8 

44,000 

40,600 

1.16 

(22)^ 


(12) 

(12) 

(23) 

Human tuberculosis 












bacillus protein 

0.70 

3.3 

8.2 

32,000 


1.26 

(9) 

(9) 

(9) 

(9) 


Concanavalin B 

0,73 

3.6 

7.4 

42,000 


1.26 

(24) 

(24) 

(24) 

(24) 


Crotoxin 

0.704 

3.14 

8.6 

30,000 

30,600 

1.22 

(25) 

(25) 

(25) 

(26) 

(25) 

Oxytocic pressor hor- 












mone 




31,000 


1.18 




(26) 


Hemoglobin (horse),. 

0.749 

4.41 

6.3 

68,000 

68,000" 

1.24 

(27) 

(6) 

(28) 


(27) 

Hemoglobin (man)... 

(0.749) 

4.48 

6.9 

63,000 


1,16 


(23) 

(12) 

(12) 


Serum albumin 












(horse) 

0.748 

4.46/ 

6.1/ 

70,000/ 

68,000 

1.27 

(29) 

(30) 

(30) 

(30) 

(29) 

Yellow enzyme 

0.731 

5.76 

6.3 

82,000 

78,000 

1.17 

(31) 

(31) 

(31) 

(31) 

(31) 

Diphtheria toxin 

0.736 

4.6 

6.0 

74,000 


1.22 

(32) 

(32) 

(32) 

(32) 


Concanavalin A 

0.73 

6.0 

5.6 

96,000 


1.26 

(24) 

(24) 

(24) 

(24) 


Canavalin 

0.73 

6,4 

6.1 

113,000 


1.31 

(24) 

(24) 

(24) 

(24) 


Diphtheria antitoxic 












pseudoglobulin 












(pepsin-treated) .... 

0.745 

5.7 

6.8 

98,000 


1.14 

(32) 

(32) 

(32) 

(32) 


Diphtheria antitoxin . 

0.749 

5.5 

5.76 

90,500 


1.23 

(38, 

(33, 

(33, 

(33, 









34) 

34) 

34) 

34) 


Serum globulin 












(horse) 

0.745 

7.1 

4.05 

167.000 

150,000 

1.44 

(29) 

(36) 

(2) 

(3) 

(19) 

Serum globulin 












(man)^ 

(0.745) 

7.1 

3. '84 

176,000 


1.49 


(36) 

(36) 

(38) 


Antipneumococcus 












serum globulin 












(rabbit) 

(0.746) 

6.5*’ 

3.9*' 

168, 000* 


1.62 


(36) 

(36) 
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Protein 

Fao 

^20 

Ao 

Me 

Phycocyan (Ceram- 
ium, dissociation 





component); 

Myogen A, rabbit 

(0.746) 

6.2 

4.58 

130,000 

(cryst.) 

Diphtheria antitoxic 

0.735 

7.86 

4.78 

150,000 

pseudoglobulin 

Phycoerythrin 

(0.745) 

7.2 

3.9 

184,000 

(Ceramium) 

Phycocyan (Ceram- 
ium, main com- 

0.746 

12.0 

4,00 

290,000 

ponent) 

fO.746) 

11.4 

4.05 

270,000 

Edestin 

0.744 

12.8 

3.93 

310,000 

Excelsin 

0.743 

13 -3« 

4-26 

295,000 

Amandin 

0.746 

12. 6« 

3.62 

330,000 

Catalase 

Serum globulin( Lam- 

0.73 

11.3 

4.1 

: 250,000 

petra) 

Erythrocruoiin 

(Daphnia) 

Hemocyanin (Pan- 

dalus) 

Hemocyanin (Pali- 

(0.746) 

(0.740) 

12.0 

16.3 

17.4 

3.2 

360,000 

nurus) 

Hemocyanin (Helix 
pomatia, disaociar 

(0.740) 

16.4 

3.4 

450,000 

tion component).... 
Hemocyanin (Busy- 
con, dissociation 

(0.738) 

12.1 

2.23 ' 

500,000 

component) 

Hemocyanin (Ele- 
done, dissociation 

(0.738) 

13.6 

3.29 

380,000 

component) 

(0.740) 

10,6 

2.16 

460,000 

Urease 

0.73 

18.6 

3.46 

480,000 

Thyroglobulin (pig)t.. 

Hemocyanin 

0.72 

19.2 

2,65 

630,000 

(Nephror)a) 

Hemocyanin 

(0.740) 

24.5 

2.79 

820,000 

(Homarus) 

Hemocyanin (Helix 
pomatia, dissocia- 

(0.740) 

22,8- 

2.78 

780,000 

tion component).... 
Hemocyanin (Helix 
nemoralis, dissocia- 

(0,738) 

16,0 

2,06 

720,000 

tion component). , . . 
Antipneumococcus 
serum globulin 

(0.738) 

16.6 

1.92 

800,000 

(horse) 

0.715 

19.3 

1.80 

910,000 


Me 

f/fe 

References to; 



V 20 

520 

Dm 

Me 

Me 

146,000 

1.38 


(37) 

(2) 

(3) 

(37) 

136,000 

1.26 

(38) 

(38) 

(38) 

(38) 

(38) 


1.38 

(32) 

(32) 

(32) 

(32) 


290,000 

1.21 

(22) 

(37) 

(28) 

(18) 

(37) 

275,000 

1.22 


(37) 

(28) 

(7) 

(37) 


1.21 

(39) 

(39) 

(2) 

(3) 



1.13 

(40) 

(40) 

(2) 

(18) 


330,000 

1.28 

(40) 

(40) 

(41) 

(41) 

(42) 


1.25 

(43) 

(43) 

(43) 

(43) 



1.41 


(44) 

(44) 

. (44) 





(1) 




400,000 

1.07 


(46) 



(45) 

450,000 

1.23 1 


(45) 

(2) 

(18) 

(45) 


1.81 


(45) 

(45) 

(45) 



1.35 


(45) 

(45) ! 

(45) 



1.93 


(45) 

(2) 

(45) 



1.19 

(46) 

(46) 

(46) 

(46) 


650,000 

1.43 

(47) 

(47) 

(2) 

(3) 

(47) 


1.23 


(45) 

(2) 

(3) 


800,000 

1.27 


(46) 

(2) 


(45) 

800,000 

1.74 


(46) 

(2) 

(46) 

(45) 


1.80 


(45) 

(2) 

(45) 



1.86 

(36, 

(36) 

(36) 

(36) 




48) 
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References to: 


Protein 

V 20 

^so 

D20 

Ms 

Me 

///o’ 











720 

520 

Did 

Ms 

Me 

Antipneumococcus 












serum globulin (pig) 

(0.715) 

18.0 

1.64 

930,000 


2.02 


(36, 

(36, 

(36, 










48) 

48) 

48) 


Erythrocruorin 












(Planorbis) 

0.745 

33.7 

1.96 

1,630,000 

1.540,000 

1.39 

(1) 

(1, 

15) 

(12) 

(12) 

(19) 


Hemocyanin (Calo- 












caris) 

(0.740) 

34 



1,330,000 

1.22 


(15) 



(45) 

Hemocyanin 






(Octopus) 

0.740 

49.3 

1.65 

2,800,000 


1.38 

(49) 

(45) 

(41) 

(41) 


Hemocyanin 



(Eledone) 

(0.740) 

49.1 

1.64 

2, 800, 000 


1.39 


(45) 

(2) 

(18) 


Nucleohistone (calf 




thymus) 

0.658 

31.0 

0.93 

2,300,000 

2,000,000 

2.5 

(50) 

(50) 

(50) 

(60) 

(50) 

Erythrocruorin 

(Arenicola) 

(0.740) 

57.4 



3,000,000 

1.25 


(51) 



(19) 

Chlorocruorin 






(Spirographis) 

Hemocyanin 

1 

55.2 






(19) 




(Rossia) 

Erythrocruorin 

(0.740) 

66.2 

1.58 

3,300,000 


1.36 



^ (2) 

(18) 


(Lumbricus) 

0.740 

60.9 

1.81 

3,150,000 

2,950,000 

1.21 

(51) 

(51) 

(2) 

(3) 

(19) 

Hemocyanin 
(Helix pomatia, main 
component) 
Hemocyanin (Busy- 

0.738 

98.9 

1,38 

6, 600, 000 

6,700,000 

1.24 

(62) 

(46) 

(2) 

(18) 

(45) 

con, main com- 
ponent) 

(0.738) 

101.7 

1.38 

6,800,000 


1.23 


(45) 

(45) 

(46) 






Bushy-stunt virus 

0.739 

146 



7,600,000 

1.09 

(53) 

(53) 



(63) 

Buahy-stunt virus 


132 

l.)5 

10,600,000 . 


1.27 


(54, 

(58) 

(68) 










55) 




Tobacco mosaic virus. 


193 






(54) 




Hemocyanin (Busy- 












con, aggregation 

component) 

(0.738) 

130 

1.17? : 

10,000.000 




(46) 

(45) 

(45) 







Rabbit papilloma 












virus 

0.756 1 

iSO 

n SRS A7 inn nnn 


1.49 

(66) 

(66) 

(50) 

(66) 



t 

’ 1 




1^20 = partial specific volume of the protein, (The values in brackets are assumed values based on experi- 
mental determinations on closely related proteins.) 

S20 — sedimentation constant in Svedberg units reduced to water at 20“. 

£>20 = diffusion constant in linits^of lO"^ reduced to water at 20". 

Ms = molecul'" v ' * ■■ measurements. 

Me = mqlecul ■ . ; -ements. 

///o - ratio of ' ‘ i . \ ‘ \ ‘ ' '■ " frictional constant calculated for 

an unsolvated spherical particle of the same mass. 

Values for Afs and A/e beginning with 1 are givr- — -..-r- tr ^ ^ ~ « 

4 are rounded off to 0 or 5 in the third figure; and ’ . 
figures. 

* The reported f/fo values are probably significant only within rfc 0.03 and are sometimes even less accurate 
than this, 

** McCalla and GraMn” have studied wheat gluten in sodium salicylate solutions. The preparations were 
polydispeme; the weight-average molecular .weight of the most soluble fraction was 44,000, but the minimum 
molecular weight of particles in this fraction may have been as low as 35,000, 

^ t Theorell and Akesson (Theorell, H, and Ikesson, A.. J. Am. Chem. Soc.. 63. 1804 ('19411 have obtained 
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« Recalculated to water basis. 

^ Mean value obtained by a number of different observers in XJpaala. 

Mean of two determinations ou CO-hf-rt'.' pW and two on methemoglobin. 

' ^ ^ iriC!;-)! 1 uy Kekwick (1938), 

i!f 'i u with ammonium sulfate. 

' ■ ’ nan serum. 


^ Mean values for the A ana B i 
Total serum globulin obtained 


atuiienuoscn (1937). 


(2) Poison, A. G., 

(3) Svedberg, T,, ' '' 

Kekwick, R. A., Unpublished. 

6 Theorell. H., Biochem Z 285. 207 (1936). 

mi Pedersen, K. O., and Anderason, K. J. I,, Unpublished. 

7 Svedberg, T., Ckem. Rev., 20. 81 (1937). 

[3} w 'p.v-v- ^^, 268. 48 (m4).. 


Soc., 56, 1700 (1934). 


. K. ()!, and Tiselius, A., J. Exptl. Med., 68, 413 (1938); Am. Rev. Tuherc., 38, c 


UO) Rothen, A., J. Oen. Physiol., 24, 203 (1940-41). 
m) Krejci, L., and Svedberg, Am. Chem. Soc., 57, 946 (1935). 

il2) tSm. O., and Poison, A.,Biochem. J., 30, 628 a936) 

(lai Quensel, C ' ■ . 


(13) Quenselv 

(14) Watson, C 

(15) Svedberg, 

(16) Pedersen, \ 

(17) Philpot. ^ “ 

ture, 13.^ 

(18) Svedberg. : 

(19) Eriksson-., ■ 
361 (1836).l 


rend. lab. Carlsberg, 22, 441 (1938). 
ama, J. W., Nature, 137, 322 (1936) and Unpublished. 

Swil., 66, 191 (1934). 

(1936). 

■' t (1936), and Philpot, J. St. L., and Eriksson-QuenBel, I.-B., Wo- 
C.-B., Tab. Biol., 11, 351 (1936). 

■■ . [of. Svedberg, T. and Erik^on-Quensel, I.-B., Tab, Biol., 11, 


Sidgren, B., and Svedberg, T., J, Am. Chem. Soc., 
Svedberg, T ., ' " 

Svedberg, T., ^ 


53, 2657 (1931). 

51, 3694 (1929). 

50, 626 (1928). 

-.-B., J. Biol. Chem., 125, 45 (1938). 
(1938). 


(3i; 

(32: 

(33; 

(34 

(35: 


(23) Pedersen, IC < • 

(24) Sumner, J. B., . 

ml Van^Dvke, lU B-i <Jnow, Jd. h'., Ureep, R. 6., and Rothen", A., Am. J. Physiol.. 133, 473 (1941). 
m) Svedberg, T., and FAhraeus, R., J. Am. Chem. Soc., 48, 430 (1926). 

28 Tiselius, A., ind Gross, D., Kolloid Z., 66, 11 (1934). 

29 Svedberg, l\, and Sjogren, B., J. Am. Chem. Soc., 50, 3318 (1928). 

KekwSsk, R. A., Biochem. J„ 32. 662 (1938). 

KKickl R. A., and Pr-lerMy.. IC O., BirU^a. .f., 30, 2201 (1936). 

■p wif. \\ i fiud .\ ‘‘r.. . I,' PAystcwl CAm., 45, 1 (1941); see also Tiselius, A., and 

ihiiiboi! .Wb.. . \v\. N.>. 31:7 (1941). 

K'i-i i si-:;, .1. n .. ./ C* n 2.i. 6 IS-P.-li). 

Roil.e::' A., d. <»■■:. /*'.». v/V., 2.S. 4 i? li-i: \r . 
oi,, Mutzeniiecher, P. v., Biochem. Z., 266, 260 (1933). 
i36) Kabat, E. A., 3 . Bxptl. Med., 69, 103 (1939).’ 

F’-d- T.-B., Biochem. /.,.32, 686 (1938). 

rtR) 33, 1342 (1939). 

30 ju.d .-iMiiru, A. J,. J. Am. Chem. Soc., 51. 2170 (1929). 

t ■••. rr '?■ and B., 1. Am. Chem. Soc., 52, 279 (1930). 

?41 \ , \>duri. 137. V40 (1938), 

«) 'r'- TV No ''(1937). 

( 43 ) Sumner, J, B., and Gral6n, N.; ' ■ ' _■ ■' L CAcm.. 125, 33 (1938) 

( 44 ) SvmlhiTg, T.. luid _■ ■Unpublished 

( 46 ) Erikflson-Quen^el, ! , 1>.. iu.ti !>7 

(48) Sumner, J. B., Graum, N., and ' 

?47) Heidelberger. M., and Pedersen, sy. O.. - . Or>.. -'.v-nf;;. 19, 95 (1935). 

(48) Kabat, E. A., and Pedersen, •‘‘'■iVw 

2834 (1933). 

1399 (1928). 

1607 (1938). 



64 i^iiffer. m! A., J. Physical Chem., 44, 1137 (1940). „ , 

65 Luffer. M. A^ and Stanley, W. rf., /. Biol Chem., 4®^ 

(66) Neuratfi, IF, Cooper, G. E., Sharp, I). G., Taylor, A. R., Beard, D., 


and Beard, J. W„ J, Biol. Chem., 


(67) Mc&llTA.'a'ond Ciralfn, N., Canadian \«5 

(68) Neurath, II., and Cooper, G. R., J, Btol. Chm., 135, 466 (1940). 

L Molecular Weight Classes, Svedberg (reference 1, p. 406) has con- 
cluded that the molecular weighs found are not distributed at random, 

hnf. fAll inf.A frrAiino 
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in the 35,200 (= 2 x 17,600) group. The weights actually estimated for 
molecules in this class range from 30,000 for crotoxin to more than 40,000 
for egg albumin and concanavalin B. Thus, if there is a factor truly 
common to all the molecules in this group, it cannot be the molecular 
weight as such; it is conceivable, however, that all these molecules consist 
of the same number of amino acid residues. This would imply that the 
average amino acid residue weight is very different for the different pro- 
teins — a question to be decided by analytical studies. The studies of 
Bergmann and Niemann (Chapter 13) have indeed given tentatit^'e indica- 
tions that this is the case for certain proteins, but the problem is still by 
no means settled. 

Recently two highly purified proteins have been shown to have molecular 
weights near 13,000 — ^namely, ribonuclease^^ and cytochrome The 
higher value given in Table 1 for cytochrome C was obtained on less pure 
material. The difference between 13,000 and 17,600 is definitely beyond 
experimental error, so that these two proteins fail to fit into Svedberg^s 
scheme^®.^ 

Svedberg^ has estimated the probable error in the estimated diffusion 
and sedimentation constants as 2 to 3%, and in the calculated molecular 
weights as 5 to 10%. Thus the data certainly do not permit any inference 
that the larger protein molecules (with molecular weights of 400,000 or 
more) are constructed of units with a weight of 17,600 — ^the probable error 
is far too great |or this. Some very large units, such as those of the hemo- 
cyanins, do, however, break up readily, and often reversibly, into smaller 
units (see below under “Dissociation and Association Reactions^O- 

The molecular weights of the oxygen transporting blood proteins studied 
show a definite correlation with their biological environment. All those of 
low molecular weight (with one exception) are enclosed in corpuscles, 
while those which are carried in solution in the plasma are distinguished by 
high molecular weights and sedimentation constants. The blood hemo- 
globins of all the vertebrates, except for the lowest class, the cyclostomata, 
are of the same molecular weight (about 68,000) containing four iron atoms 
per molecule. The molecular weight of the hemoglobin of the cyclo- 
stomata is only a quarter of this; and certain invertebrates have corpuscle 
erythrocruorins of half the molecular weight of hemoglobin^^. Erythro- 
cruorins of high molecular weight occur in the blood plasma of the crusta- 
cean Daphnia (M - 400,000), the snail Planorbis (M = 1,600,000), and 
certain worms such as Arenicola and Lumbricus {M == 3,200,000). The 
hemocyanins, which are always found free in solution in the plasma, have 
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inolcciil9*r weights which range from about 400,000 (for PctTidcilus and. 
Palinurus) to 6,600,000 (for the principal component in the blood of Helix 
Pomatia ) . 

Heidelberger, Pedersen and Kabat^® studied certain antipneumococcus 
antibodies by sedimentation and diffusion measurements. They reported 
the antibodies of pig, cow, and horse to be very large, with sedimentation 
constants (s 2 o) near 18 S (molecular weight near 990,000), while those of 
monkey, man, and rabbit were reported to be much smaller, giving values 
near 7 S (molecular weight near 160,000), close to those characteristic of 
the major component of normal serum globulin. Both types of molecule' 
are markedly asymmetrical, the larger antibodies showing marked double 
refraction of flow (Chapter 21)29. For both types of antibody, Kabat28o 
found a considerable variation in sedimentation constant with concentra- 
tion. 

The observations of Petermann and Pappenheimer29a on antipneumo- 
coccus antibodies throw additional light on the problem. The antibody 
euglobulin from Type I serum was concentrated in a component with 
S 20 = 7 S; while a euglobulin fraction from Type II antiserum showed 
major components mth S 20 = 7, 11, 18 and 30 S, In the flatter case the 
antibody was concentrated mainly in the three heaviest components. 
Thus it would appear that, even within a single species, a, particular type 
of antibody activity is not necessarily associated with a particular size of 
molecule. 

In ultracentrifugal measurements on globulin fractions from normal 
horse serum, Oncley29^^ found that a-pseudoglobulin contains approximately 
equal proportions of material sedimenting, in a one per cent solution, with 
520 values of 17, 6.8, and, 3.6 S. The first of these components is compar- 
able in size to the large antibody molecules; the second shows a typical 
value for serum globulin; the third sediments even more slowly than nor- 
mal serum albumin. Evidence for the presence of more than one com- 
ponent was found also in some of the other globulin fractions studied in 
these investigations. It would appear, therefore, that very large globulin 
molecules may appear in normal serum and are not necessarily antibodies. 
It is also possible, although not yet proven, that a reversible equilibrium 
exists between the large and small globulin components (compare the 
discussion on p. 437-443 below). 

2. Comparison with Osmotic Data. Molecular weights calculated from 
osmotic pressure data (Chapter 17) show on the whole a very satisfactory 


(a) Heidelberger, M., and Pedersen, TC. 0., J. Exptl. Med., 65, 393 (1937); Cb) Heidelberger, M., and 
Knhfit. E. A.. J. ExntL Med.. 67. 181 09381 : (a) Kabat. E, A.. J. Exvtl. Med,, 69, 103 (1939). 
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agreement with ultracentrifugal measurements. Such discrepancies as are 
found may probably be attributed largely to polydispersity of the solutes 
used for the osmotic pressure studies. Also the accuracy of molecular 
weights calculated from osmotic pressure is low for solutes of high molecu- 
lar weight, and ultracentrifugal values are far more accurate for such ma- 
terials. It is of course obvious that molecular weights obtained in water 
are generally not comparable with those obtained in such solvents as con- 
centrated urea solutions, since many proteins dissociate into smaller com- 
ponents in the latter solvent. However, serum albumin and the hemo- 
globins of certain species appear to have the same molecular weights in 
both solvents. 

3. Frictional Ratios^ Molecular Shape, and Hydration. An unhydrated 
spherical molecule should give a frictional ratio of unity. It may be seen 
from the values in Table 1, however, that all the proteins hitherto studied 
by sedimentation and diffusion measurements give frictional ratios appre- 
ciably greater than 1. - It may be seen from Fig. 1 that a molecule which 
. carries 0.3' gram of water of hydration per gram of protein should give a 
frictional ratio of approximately 1.13. This is an entirely plausible value 
for the possible hydration, considered in the light of the work of Adair 
and Adair on the density of protein crystals. (Chapter 16). A number of 
the proteins studied have frictional ratios lower than 1.13 and these mole- 
cules may conceivably be spherical. Many of the proteins studied, how- 
ever, give much higher frictional ratios — see, for instance, zein and the 
large antibody globulins of horse sera — ^which may be higher than 1.5 and 
even as great as 2L In such molecules the observed frictional ratios cannot 
be explained by hydration alone, unless impossibly large hydration values 
are assumed. We are forced to conclude, therefore, that these molecules 
deviate very markedly from the spherical shape. This conclusion is amply 
confirmed by studies of viscosity and double refraction of flow (Chapter 
21), and of the dispersion of the dielectric constant (Chapter 22). 

Sedimentation and diffusion measurements, while they thus establish 
the existence of non-spherical proteins, cannot prove whether these pro- 
teins are rod-shaped or disc-shaped molecules, or whether perhaps their 
structure corresponds to some more complicated geometrical pattern. 
Polson®^^ and Neurath^^ have estimated the shapes of protein molecules, 
assuming that for purposes of calculation they may be treated as ellipsoids 
of revolution, and have calculated the axiah ratio, a/b, employing Perrin’s 
equation (Chapter 18, » equations 27 and 28). Assuming an elongated 
(prolate) ellipsoid, and zero hydration, zeinjs thus calculated to have a 
major axis of 322 A. and a minor axis of 16 A. Nenrath\q calcnlAtinns 
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indicated a minor axis of at least 18 1 for all the other proteins for which 
data were available. These represent minimum values for the minor axis, 
since any correction for hydration reduces the calculated axial ratio, a/b, 
and thus increases the calculated length of the minor axis. Tobacco mosaic 
virus nucleoprotein, which is a very large rod-shaped molecule, has been 
shown from x-ray diffraction studies (Chapter 14) and from electron 
microscopy (Chapter 21) to have a diameter of 150 A. 

Thus even highly asymmetrical protein molecules have a very consider- 
able thickness, and are profoundly different in structure from the thread- 
like synthetic polymers such as polystyrene, polyacrylic acid, polyoxy- 
methylene, and the poly-w-hydroxydodecanoic acids®’*' ®®. Such polymers 
are only 3 to 6 A in diameter,' in the direction perpendicular to the 
length— that is, in this dimension they are of size similar to that of the 
solvent molecules, although extremely elongated along the length of the 
chain. Protein molecules, on the other hand, are large in all dimensions 
compared to the molecules of the solvent. Furthermore, their relaxation 
times, as estimated from dielectric dispersion measurements (Chapter 22), 
indicate that a protein molecule orients as a whole in an electric field; 
that is, the protein is an essentially rigid structure, in contrast to the 
flexible molecules of the synthetic high polymers. Extremely elongated 
protein molecules such as myosin, which give very viscous solutions and 
show intense double refraction of flow (Chapter 21) may be tbinnAr in 
cross-section, and thus more flexible, than most proteins. It is not yet 
proved, however, that even the myosin molecule can bend or coil easily; 
and certainly most native proteins have’ relatively rigid structures. 

4. Effects of Denaturing Agents. We have already seen, from the work 
of Neurath and Saum (Chapter 18, Table 6) that serum albumin, in con- 
centrated urea solution, appears to uncoil into a relatively elongated form, 
as judged by the change in its diffusion constant. Similar effects appear to 
exist in other proteins. Mirsky®* has obtained indirect evidence, from the 
titration of the' sulfhydryl groups liberated on the denaturation of egg 
albumin, that the denaturation process in this protein involves an unfolding 
of the molecule. Sedimentation studies ' by Rothen®* on Mirsky’s 
preparations confirmed these conclusions. The value otf/fo in native egg 
albumin is 1.16 (Table 1) ; in concentrated urea solution it rises to a value 
near 4, corresponding to an axial ratio of about 90 to 1, indicating a com- 
plete unfolding of the protein. . “If the solution is then dialyzed, the mole- 
cules refold as judged by titration and sedimentation, but the refolding 
happens in an apparently random way, the solution is polydisperse, aggre- 
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gation has occurred’^ (reference 26, p. 240). In collaboration with Land- 
stein^r, Rothen found that if egg albumin is heat denatured in the complete 
absence of salt, unfolding occurs in a definite way, the solution is mono- 
disperse, and 520 = 7.0 Svedberg units, a value twice as great as that of 
native albumin. If the heat denaturation is carried out in the presence of 
0.2% NaCl, the solution is also monodisperse but S 20 =. 17 Svedberg units, 
as determined in the presence of 1% NaCl after cooling. 

Studies of surface films of proteins^^’ reveal a thickness of the protein 
monolayers of only about 7 A. Since this is much smaller than any of the 
dimensions we have seen to be characteristic of protein molecules in solu- 
tion, it appears that a radical change must take place in the structure of a 
native protein before it can spread on a surface. This change also must 
be in the nature of an unfolding, though whether the character of the 
unfolding is the same in surface denaturation, heat denaturation and urea 
denaturation must for the present remain undecided. 

The work of Burk, showing the dissociation of edestin, amandin, excelsin 
and horse hemoglobin in concentrated urea, as judged by osmotic pressure 
measurements, has already been discussed in Chapter 17. Burk’s work 
on horse hemoglobin has been confirmed and extended by the ultracen- 
trifugal and diffusion measurements of Steinhardt^®®', who has found the 
molecular weight in urea solution above 4 molar to be about 38,000. This 
is little more than half the molecular weight in water; it may be taken as 
half practically within the limits of experimental error. This dissociation 
is at least partially reversible by removal of the urea by dialysis. The 
oxygen capacity and absorption spectrum* of hemoglobin were found by 
Steinhardt to be the same in poncentrated urea as in water, so the dis- 
sociation process taking place in this solvent apparently involves a much 
less radical change in the molecular pattern than does the denaturation 
produced by heat, acids anil alkalies. There was also little change in the 
frictional ratio, indicating that there is much less change of shape in the 
hemoglobin, due to the action of urea, than there is in egg or serum albumin. 
Acetamide was found to produce effects on hemoglobin similar to those of 
urea but only at somewhat higher concentrations. The molecular weight 
of pepsin was the same in 4 molar urea as in water, and the protein re- 
tained its enzymic activity in this solvent. 

Anson and Mirsky®^ concluded that the denaturation of hemoglobin is 
completely reversible under suitable conditions. The same conclusion was 
reached for crystalline trypsin by Northrop®® and by Anson and Mirsky®® 

“ Langmuir, L, Cold Spring Harbor Symp. Quant. Biol,, 6, 171 (1938). 

in Schmidt, C. L. A., "Ckemiatry of Amino Acids and Proteinsf^ O. H. Thnm«ja 
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Recently Gi 8-1611 , following the procedure of Anson and JMirsky, split 
hemoglobin into heme and globin by the use of acetone and dilute acid, 
and then combined the heme and globin to obtain a new product. Anson 
and Mirsky had concluded that this product was identical with the original 
native hemoglobin, and Gral6n has shown that it is monodisperse and has 
the same molecular weight (69,000) as native hemoglobin, the same pH 
stability diagram, and the same molecular shape. It differs somewhat, 
however, from the original hemoglobin in electrophoretic mobility, so that 
complete identity with the' original hemoglobin cannot be assumed. 

The recent work of Neurath, Cooper and Erickson^““ on the albumin and 
pseudoglobulin of horse serum has shown that the alterations produced in 
these proteins, by exposure to concentrated solutions of urea or of guanidine 
hydrochloride, are only in part reversible. Removal of the denaturing 
agent by dialysis causes a separation of the protein into two fractions. 
The more insoluble fraction is radically different from the original material; 
the more soluble fraction is generally similar to the undenatured protein, 
but viscosity and diffusion measurements indicate that it is by no Tnpa.ns 
identical. The denaturing effect of guanidine hydrochloride is greater 
than that of urea at any given concentration. This finding is in accord 
with the measurements of Greenstein'®'’, which showed guanidine hydro- 
chloride to be much more effective than urea in increasing the titratable 
sulfhydryl groups of many proteins. 

The uncoiling of native proteins into a more elongated form, due to the 
action of denaturing agents, has been inferred from x-ray studies by Ast- 
bury, Dickinson and Bailey (Chapter 14). The results of these sedi^ 
mentation and diffusion measurements on denatured egg and serum albu- 
min are entirely in harmony with their conclusions. It must not be 
inferred, however, that the effects of these reagents are the same for all 
proteins. The action of urea and guanidine hydrochloride on the properties 
of myosin (Chapter 21) is radically different from its effect on the albumins. 
The action of denaturing agents on the size and shape of protein molecules 
may vary with the geometry of the particular molecule concerned, and 
with the arrangement of the labile linkages, within the native protein 
molecule, on which the denaturing agent presumably acts^*. 

6. Dissociation and Association of Protein Molecules. The molecular 
weight of a protein is a definite quantity under well-defined conditions of 

« J n, 1907 (1939). 

0 ' -.■• e.i ’r': /. Biol. CTm.,l«, 249. 265 (1942). 

«1 f 1 ... ;; ■' 128,233 (1939)! 130, 519 (1939)1 Greenatein.J.P., and 

Edaa" .• : .' •' .••• I.M,') 

41 V I • ' ■ ' i,, 22, 43& (1936), have advocated the view that these 

abile linkages are hydrogen Iionds, which can cjcrtainly be formed between the ”7^=0 and ~NH groups in 
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pH and temperature, and in solvents in which the protein is stable. Rela- 
tively small alterations in the environment, however, may cause such a 
molecule to break up into smaller units, or to associate into larger ones. 
These alterations were often not clearly recognized by chemists before the 
advent of the ultracentrifugal technique; they do not involve such gross 
changes in the properties of the protein as do the types of denaturation 
discussed above. Nevertheless, the two groups of phenomena are closely 
connected. 
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/, pH-stability diagrams for hemocyanins, (a), palinurus vulgaris, and 

(b), limulus polyphemus. Abscissae in both figures, pH; ordinates, 820 . The 
dotted line in (b) indicates the positions of the isoelectric points. From Eriksson- 
Quensel, I.-B., and Svedberg, T.,J3ioL Bull, 71, 498 (1936). 


Alterations of the sedimentation and diffusion constants, arising from • 
pH changes, are particularly striking in many of the hemocyanins, which 
have been studied in great detail by Eriksson-Quensel and Svedberg^^ A 
simple instance of this is the hemocyanin of the crustacean, Palinunis 
Vulgaris, of the order Malacostraca (Fig. 2). In the pH region 3.6 to 9.4 
this hemocyanin consists of a single molecular soecies. of Redimentatinn 
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ponent of sedimentation constant 4.10. The amount of this component 
increases with pH, and at pH 10.8 the larger component has disappeared. 

The hemocyanin of Limulus Polyphemus (the horseshoe crab), has four 
well defined components in the pH range 5.2-10.5 (Pig. 2). Their sedi- 
mentation constants are 56.6 (H), 34.6 (P), 16.1 {H) and 5.87 (if); and 
the relative proportions of these components are unchanged within this 
pH region. “Above pH 10.5 D, F and H disappear; they split up into K. 
Below pH 5.2 D and F dissociate in two ways. The concentration of K 
apparently increases; i.e., some part of them must form more of K. A 
new component, G, with the sedimentation constant 24.0 appears in rather 
high concentration; and G must be a dissociation product of D and F, as 
the concentration of H does not change and that of K increases” (reference 
42, p. 511). 

These dissociation reactions are completely reversible. If the solution 
is brought to pH 10.8 or to 4.0, and then brought back to the intermediate 
pH range, the four original components are again found, in their original 
proportions (reference 42, p. 538). 

Another type of behavior is shown by the hemocyanin of the snail. 
Helix Pomatia (Fig. 3). This “appears in 'four different well-defined 
molecular species, B with the sedimentation constant 98.9, C with 62.0, 
H with 16.0 and I with 12.1. The main component is B, present in solu- 
tions with a pH from 3.6 to 8.2. It is alone in the pH region 4.6-7.4 and 
accompanied by C in the regions 3.6-4.6 and 7.4-8.2. H is present in very 
small quantity together with B and C in the pH range 7.9-8.2, -alone 
between pH 8.2 and 9.3, and together with / in the pH range 9.3-10.8. 
In more alkaline solutioms the hemocyanin is inhomogeneous and the sedi- 
mentation constant decreases. Below pH 3.6 the material is non-uniform 
and the sedimentation constants are irregular but apparently decreasing” 
(reference 42, pp. 519-521). • 

The dissociation is reversible inside a certain pH range (up to about 
pH 9), but if the .solution is made too alkaline only a part of the hemo- 
cyanin is rcassociated into the normal components on' returning to a pH 


near 6. 

On the basis of these and a very large number of other data, Eriksson- 
Quensel and Svedbcrg conclude (reference 42, p. 541-43) : “The most striking 
result of this investigation is perhaps the perfect homogeneity of the 
various hemocyanins with regard to molecular weight. Not only the main 
component or components which exist in the region comprising the iso- 
electric point, but also the products of reversible dissociation, are definite 

V. A+ 'rrrtvvr cin/l traT'xr "nTT Troliloo txrVjorQ 
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the isoelectric point. . . . The molecular weights of the hemocyanm found 
in the blood of a certain species are always simple multiples of the lowest 
well defined component. Thus for the Malacostraca the relationship is 1 : 2 
and for the Gastropoda 2:8:16:24.^’ All species belonging to the same 
order show similar pH stability diagrams. 

These reversible dissociation reactions can be brought about by very 
small pH changes, which would certainly have little influence on the struc- 
ture of most molecules. Other factors than pH can also influence these 
reactions profoundly. Thus the presence of divalent cations (Ca"*"^, Mg'^'^) 



J pH-stabihty diagram for helix pomatia. Abscissa, pH; ordinate, s.o. 
ThQ dotted line indicates the position of the isoelectric point. From Eriksson- 
Quensel, I.-B., and Svedberg, T., Biol. Bull., 71, 498 (1936). 


profoundly influences the pH stability diagram of the hemocyanin of Helix 
Pomatia. The first indication of such an effect was obtained from a study 
of the Tyndall effect in these solutions^^. Ultracentrifugal analysis has 
shown that in the presence of O.Ql molar calcium chloride, dissociation on 
the alkahne side of the isoelectric point does not become apparent until 
pH 9.5 is reached; while in the absence of calcium this change begins to 
appear at pH The splitting of the hemocyanin molecules may also 
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be pfoduced by ultrasonic waves^'^'^® and by ultraviolet light'’. The effects 
of the two latter agents are probably irreversible 

If hemocyanins from two different but closely related species are mixed, 
brought to a pH where dissociation of both occurs, and then brought back 
to a pH near the isoelectric point, mixed molecules are formed, containing 
components from both of the original dissociated types. This has been 
shown for the hemocyanins of Helix Pomatia and Helix Nemoralis by 
Tiselius and Horsfall'®. The two original hemocyanins, and the mixed 
reassociated products, all have nearly the same molecular weights, but they 
may be distinguished by their different electrophoretic mobilities. These 
authors conclude that “the various mixed hemocyanins which have been 
produced are probably as stable as the hemocyanins from which they were 
formed” (reference 48, p. 100). The hemocyanins of Helix Pomatia and 
Littorina Littorea, which are more distantly related biologically, also form 
mixed molecules, but less readily and with the formation of a number of 
components of differing molecular weight. 

Horse CO-hemoglobin, in moderately concentrated salt solutions 
(0.5-1.0 molar) is dissociated into molecules having half the normal weight. 
Further increase in salt concentration produced no further change'®. 

Dissociation of protein molecules can be produced by the presence of 
other proteins, or of certain amino acids and other, amino compounds. 
Interaction between proteins is particularly marked in the serumproteins, a 
phenomenon first revealed by the work of McFarlane“. In concentrated 
serum, part of the globulin splits up into smaller molecules, an effect which 
is probably produced by serum albumin or one of its components®'. The 
effect differs for different species When diluted with seven volumes of 
saline solution, the sera of hose, cow and man all show the normal sedi- 
mentation constants of serum albumin and serum globulin. The globulin 
content of the three species decreases in the order named. In the un- 
diluted sera the amount of material sedimenting with the characteristic 
globulin velocity is much less. In one case (human serum) a new com- 
pohent appears, possibly corresponding to half molecules of globulin. In 
horse and cow scrum, the sedimentation constant of this component prob- 
ably coincides with that of albumin. Addition of salts, to human serum 
splits the dissociated globulin still further, to two products with molecular 


46 n,"., , S . V-r'v .. Ilrt. 'l-l.'):). 
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weights of the order of 40,000 and 20,000. Similar studies have recently 
been .made on the sera of birds, reptiles, amphibia and fishes.®^ 

Such dissociation reactions, due to the interaction between proteins, 
or to the dilution of a single protein component, have been extensively 
studied by Pedersen^l Recently he has offered the suggestion that the 
primary units of protein structure (presumably composed of polypeptide 
chains somehow fixed in a definite pattern) are held together by a non- 
protein ^^cement^^, which may consist of carbohydrates, phosphoric ester 
groups, nucleic acids, or other residues. One protein may partially effect 
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Figure 4. Sedimentation diagram of serum albumin in solution of 2.6% clupein: 
the main maximum with rapid sedimentation, A, corresponds to undissociated 
protein, the maximum of slower, sedimentation, J5, to the dissociation product 
with s ^ 1 and ilf ^ i of the serum albumin; the sedimentation of the clupein 
itself has been deducted from the curves. Time: 100 minutes after full speed was 
reached. Prom K. 0. Pedersen, in Svedberg, T., Kolloid-Z., 85, 119 (1938). 

the transfer of this cement from another to itself, thus influencing the 
stability of the other. At present there seems to be insuflBicient evidence 
to prove or disprove this conception, but it affords a highly suggestive 
basis for future work. 

Salts of some of the simple protamines, such as clupein, cause the 
partial dissociation of serum albumin (reference l,p.408) (Fig. 4). Therhis 
a high degree of specificity in the action of dissociating agents on proteins. 
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Thus serum albumin is split (at neutral pH) by arginine + ammonium 
chloride, but not by lysine + ammonium chloride; the exact reverse is 
true for Helix hemocyanin. Guanidine hydrochloride has a very powerful 
effect on Helix hemocyanin, but very little on serum albumin. Clupein 
splits both, while arginine without ammonium chloride has no action on 
either®”. It remains to be seen how far the action of clupein on proteins 
is reversible. 

These dissociation reactions are among the most important and charac- 
teristic reactions of protein molecules. Similar phenomena are revealed 
in the study of other classes of proteins by quite different methods. Thus 
the changes produced by the above mentioned reagents, and by many 
others, on viscosity and double refraction of flow in myosin (Chapter 21) 
may rest on a very similar underlying basis to those revealed by the 
ultracentrifugal studies on blood proteins. It appears clear that the 
components of the protein molecule are linked together largely by very 
strong peptide bonds, but that there are also a considerable number of 
much weaker bonds found in many native proteins; the latter are readily 
split by extremely mild reagents. Such bonds may be peptide linkaps 
which have been rendered unstable owing to the particular configuration 
of the adjoining groups; they may involve carbohydrate or other prosthetic 
groups as suggested by Pedersen; and they may involve salt linkages 
between charged groups, or hydrogen bonds. The study of these reactions 
represents one of the most important fields in all of protein chemistry. 



Chapter 20 

Proteins as Acids and Bases 

By John T. Edsall 

The amino acids of which proteins are composed contain several different 
types of acid and conjugate basic groups. In accordance with the termi- 
nology of Bronsted, (Chapter 4) the acid groups may be divided into two 
different classes. The first is represented. by the uncharged acid groups 
such as the carboxyl, sulfhydryl, and phenolic hydroxyl groups, which 
carry no net charge, in strongly acid solution, the conjugate basic groups 
being negatively charged in alkaline solution. The second class is repre- 
sented by the cationic groups, such as the guanidinium group in arginine, 
the imidazolium group in histidine, and the eaipmonium group in lysine. 
These groups are positively charged in acid solution and the conjugate 
basic groups carry no charge in alkaline solution. 

The peptide linkage, the amide groups of asparagine and glutamine 
and the aliphatic hydroxyl groups of serine, threonine, hydroxyproline 
and hydroxyglutamic acid, do not function as either acids or bases 
within the pH range 1-13, within which protein titrations have generally 
been conducted. 

Since almost all the a-ammonium and oj-carboxyl groups are bound in 
peptide linkage, these in general play no significant part in acid and base 
binding by proteins. Occasional groups of this sort may be free at the 
end of long peptide chains, and contribute a very small fraction of the 
total acid and base binding. It should be noted, however, that cystine 
may play a special part in this respect since only two of its four acid and 
basic groups are necessarily bound in peptide linkage, although all four 
may be. If only two are bound, the other two which are also a-amino 
and carboxyl groups may be free to function in combining with acids and 
bases. In general, however, the titratable carboxyl groups in proteins 
are the free terminal groups of aspartic, glutamic, and hydroxyglutamic 
acids, not bound as amides; and the titratable ammonium groups are the 
eammonium groups of lysine. The characteristic pK values of all these 

n .4.,.- "U ... 1 _1 J _ *1 • /"NT i . ■» — 
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range of pH within which these groups dissociate is significantly altered 
by adjoining charged groups or polar groups in a more complex molecule 
such as a protein. However, if both the pK value of a certain group in a 
protein and its heat of ionization be known, little doubt generally remains 
as to the nature of the group. 

In the present chapter we shall consider only the uptake or giving off 
of protons. A clear distinction exists between the binding of protons by 
basic groups, which involves the formation of a true covalent bond, and the 
possible binding of other ions, which involves only an electrovalent bond. 
While ions other than the proton may sometimes be held to acid or basic 
groups by relatively strong forces, particularly if the ions involved are 
polyvalent, still the bond so formed is of a different character from the 
bond formed by the attachment of a proton to a basic group. In the 


Table 1. Characteristic Acidity Constants (Expressed as pK Values) and 
Heats op Ionization (AH) op Acidic and Basic Groups pound in Proteins 

pK. (2S‘>) AS (cal/mol) 

Carboxyl (a) 3.0- 3.2 (d=1500) 

Carboxyl (aspartyl) • 3 , 0- 4 . 7 ( ±1500) 

Carboxyl (glutamyl) ca. 4.4 ( ±1500) 

Phenolic-hydroxyl (diiodotyrosine) 6.5 800 

Phenolic-hydroxyl (tyrosine) 9.8-10.4 6000 

Sulfhydryl 9.1-10.8 

Imidazolium (histidine) 5.6- 7.0 6900-7500 

Ammonium (a) 7.6- 8.4 10,000-13,000 

Ammonium (a, cystine) 6.5- 8.5 

Ammonium (c, lysine)..... 9.4-10.6 10, 000-12, OCK) 

Guanidinium (arginine) 11.6-12.6 12,000-13,000 

The pK values given arc those characteristic for the groups named, in peptides of 
known structure (sec ChajDter 4, Table 5, for complete details). The value for the 
—OH group in diiodotyrosine is for the free amino acid, since no peptides containing 
it have been studied. 

The aH values are derived from Tables 2 and 6 of Chapter 4, and are for both 
amino acids and peptides. 


discussion in this chapter we shall consider the charge on the protein 
molecule as determined by the hydrogen ion activity in the system and the 
ionization constants of the acid and basic groups in the protein molecule. 

In a strongly acid solution all acid groups in the protein molecule which 
are of the uncharged type carry zero charge. All cationic groups carry 
positive charges. Such a condition is actually attained, to a very close 
approximation, between pH 1 and 2, since the most acid carboxyl groups 
in the protein molecule are characterized by pK values somewhat greater 
than 3. In a strongly alkaline solution, on the other hand, all the un- 
charged acid groups have lost protons and carry a negative charge. All 

ciaiVI fY-rAiina bcnrA Inof. fbAir nrn+nr^Q fl.nrl Pfl.rrv f\. 7Prn r'ha.rcT'P. 



446 


PROTEINS, AMINO ACIDS AND PEPTIDES 


tions which have been carried out on proteins; since even at this pH an 
appreciable number of the guanidino groups of the arginine residues may 
still retain a positive charge. Thus the acid bound by proteins may be 
expected to attain a maximum value, independent of pH, between pH 1 
and 2; but no similar sharply defined maximum in base binding is to be 
expected, even between pH 12 and 13. On the whole, these expectations 
appear to be borne out by the experimental facts to be reported in this 
chapter. 

Net Charge, Total Charge and Maximum Acid and Base Binding 

If the titration of a protein is begun in a strongly acid solution in which 
the protein molecule carries its maximum positive charge, the addition 
of a strong base (generally hydroxyl ion) brings about the removal of 
protons from the acidic groups on the protein. If a proton is removed 
from an uncharged acid group, a negatively charged group is produced; 
thus the total charge on the protein is increased by one unit while the net 
charge is decreased by the same amount" If a proton is removed from a 
cationic acid group, both the net charge and the total charge decrease 
by one unit. Thus, if the protein contains n cationic acid groups, the net 
(and also the total) charge in strongly acid solution is -\-n. When n pro- 
tons are removed from the protein ion by the addition of base, the net 
charge on the protein molecule falls from +n to zero, although the total 
charge on the protein in this condition may be, and generally is, much 
greater than on the cationic protein. The pH of the protein solution after 
these n protons have been removed by addition of base is known as the 
isoionic> point. If the protein binds no other ions than protons, the isoionic 
point may correspond to the isoelectric point of the protein determined by 
electrophoresis. If the protein combines with other ions also, the iso- 
electric and isoionic points are different. In the following discussion, 
however, we shall generally make no distinction between isoelectric and 
isoionic points\ * 

The increase, in net charge on the protein molecule between the isoionic 
point and the region of maximum acid binding capacity should clearly be 
equal to the number, n, of' cationic acid groups in the protein. This is 
from the argument given above and is true independently of the 
fact that most of the groups which acquire protons on the addition of 
acid are not the amino, guanidino, or imidazole groups, but are chiefly 
the negatively charged carboxylate ions. 

By exactly similar reasoning it is clear that the maximum base bin^ling 
capacity of the protein, if it can be determined, should be equal to the 
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number of uncharged acid groups in the protein molecule. This relation 
renders significant the study of the composition of proteins as determined 
by analytical methods in relation to their acid and base binding capacity^. 

Determination of Nature of Ionizing Groups in Proteins 

Several different methods are available for determining the nature of 
the groups in the protein molecule ionizing in various pH zones. Here 
we may summarize the methods; the remainder of the chapter will illustrate 
their application. 

1. The pK values given in Table 1 afford an approximate indication of 
the region in which the different types of acid groups in the protein molecule 
may be expected to yield up protons to base. These regions may be shifted 
owing to interaction of the acid group involved with other neighboring 
groups within the molecule, but, in general, such shifts are relatively small 
and even in the most extreme cases known are scarcely ever greater than 
2 pH units. However, 'Some of the groups which from analytical data 
might be expected to be available in the protein molecule as proton donors 
may be tied off, for example, in ester linkage, or in some way inactivated 
so that they do not contribute titratable groups. Several actual cases 
are known where there are indications that this may be true. 

2. The characteristic heats of ionization of the different groups given 
in Table 1 afford a very important clue to their nature. By carrying out 
the titration curve of a protein at two different temperatures, the heats 
of ionization of the groups involved in different portions of the curve may be 
determined, and the results so obtained form a valuable supplement to the 
information deduced by the first method. 

3. The addition of small quantities of formaldehyde has little effect 
upon the titration of carboxylic or phenolic hydroxyl groups, but has a 
pronounced effect on ammonium and imidazole groups. The shift' in 
titration curve of a protein produced by the addition of formaldehyde 
may thus indicate quite clearly the region in which the carboxyl groups have 
become fully ionized and in Which the imidazole and ammonium groups 
begin to yield protons on further addition of base (see also Chapter 5). 

4. The ionization of carboxyl grpups is affected, by the addition of 
alcohol, in the opposite sense from the ionization of imidazole, ammonium, 
and guanidine groups. Thus the titration curve of a protein in alcohol- 
water mixtures, as compared with its titration curve in pure water, may 
afford a clue to the nature of the groups ionizing in different pH zones. 
The effect of alcohol, however, must be interpreted with caution, partly 
because the alcohol added may denature the protein and partly because 
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6. Certain specific groups in the protein molecule may be inactivated 
by chemical treatment. Thus, the e-ammonium group of lysine may be 
converted into a hydroxyl group by treatment with nitrous acid. This 
hydroxyl group, being aliphatic, will not combine with base over the pH 
range generally employed in protein titration curves; and, if it may be 
assumed that the nitrous acid has had no effect on any other group in the 
protein molecule, the resulting titration curve should be the same as that 
of the original protein, except for the disappearance of the e-ammonium 
groups in lysine. This technique has already been used on more than one 
occasion in the study of proteins and appears to yield significant results. 

Theoretically, it should be possible to tie off the carboxyl groups of the 
protein molecule by esterification. To accomplish this in practice, how- 
ever, would involve drastic treatment which might well lead' to denatura- 
tion of the protein, and' to splitting off of some of the groups of the molecule. 
However, the acetylation of the ammonium groups and the phenolic 
hydroxyl groups of the protein molecule by ketene is a simple and relatively 
mild process, and the study of the titration curve of proteins so treated 
should lead to interesting conclusions. 

6. Chemical substitution in the protein molecule may be so employed 
as to enhance or diminish the acidity of certain ionizing groups. The 
shift in the titration curve resulting from such treatment then affords an 
indication of the pK value of the groups of this type in the original protein. 
This technique is exemplified by the action of iodine on proteins. Iodine 
reacts readily with the benzene ring of tyrosine, converting it into diio- 
dotyrosine, in which the pK talue of the hydroxyl group, is about 6.5 
instead of being near 10 as in tyrosine itself. The use of this method also 
will be exemplified in the discussion below. Here, however, as with the 
other methods of chemical treatment used to alter the titration curve of 
proteins, there is the difficulty that the added reagent cannot be con- 
sidered as strictly specific for a single type of group. Iodine appears to 
attack not only the benzene ring of tyrosine, but the imidazole ring of histi- 
dine and probably other groups in the protein molecule as well*. It is also 
a powerful ojddizing agent, converting — SH groups to S— S, and even to 
higher oxidation products*, and probably effecting other types of oxidation 
in the protein molecule. Therefore the application of this technique has 
led to results which are in some cases confused and exceedingly difficult 
to interpret. Nevertheless, it remains a valuable method and will un- 
doubtedly be extended in future by the use of other reagents which are 
highly specific for certain groups m the protein molecule. It should be of 
great value, for instance, in the mteroretation of nrotein titration curves 
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if a reagent were available which would react readily and specifically with 
the guanidine group of arginine, and thereby reduce its pK value to a 
point where all the guanidino groups could readily be titrated. The 
requirements for such reagents, however, are very exacting. They must 
not only be specific for the particular group involved, but they must be 
capable of being intioduced into that group at low temperatures and in 
nearly neutral solution, so that the process may occur with a of 

damage to the protein. 

A-ppai ently no leaction of this type is at present known for the guani— 
dinium group of arginine. It is interesting to note, however, that the 
e-ammoniiim groups of lysyl residues may readily be transformed into 
guanidiniuitl groups by the action of 0-methylisourea®. 

Titration Constants of Polyvalent Acids and Bases 

The analysis of protein titration curves shows that they may commonly 
be described in terms of a limited number of pK values. In a protein 
which contains altogether n acidic groups, these may be broken up into 
classes each of which contains a number of groups. Thus if one of these 
classes contains q groups, the base bound by members of this class may be 
described as a function of pH by the equation 

pH = pK, + log = pK, + log (1) 

where Kq is an acidity coiLstant characteristic of the members of the^group, 
and aq IB the fraction of the total number of groups in the class which have 
given up protons to base, at any pH, In other words, qa^ represents the 
base bound by the q groups of this class at any pH, (H*^) , the hydrogen ion 
activity is here taken as equal to the negative antilogarithm of the meas- 
ured pH. If g « 1, equation 1, when pH is plotted against base bound, 
represents a curve of the same form, in which q times as much base is 
bound at any pH as for a monovalent acid of the same pK value. That 
the titration curves of polyvalent acids may be of this form has been 
shown .on theoretical grounds. In 1926, Simms^ pointed out that the 
titration curve of one mole of any polyvalent acid containing n groups 
could ahvays b(» d(^sc!ribed as if it were the titration curve of a mixture of n 
moles of monovahiut acids with suitably chosen constants (titration con- 
stants).^ If the succeBsive disBOciation constants of the polyvalent acid 
are denot(;*d by the symbols Ku "Kn and the titration constants by 

J p J. Org, Ch»m.^ 2, m 
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Gi, Gi - ■ -Gn, then Simms has shown that these constants are related by 
the equations 

Ki — Gi + G2 + • • • Gi 

ik 

KiK>i = G 1 G 2 + '4* * * • G%Gz * • * + Gn-iGn = 23 GiGk 

i,k,i ^ ^ 

KiK^Kz - GiG^Gz + GiG2Gi 4- • ' • = S GiGkGi 


KiMz Kn^ GiG^Gz Gn 

If the K^s are widely separated {Ki > 1000 7 ^ 2 , K 2 > 1000 Kz, etc.) then 
Ki = Gi, K 2 =* (? 2 , etc., and there is no distinction between titration con- 
stants and dissociation constants. A very straightforward and elegant 
proof of these relations was later formulated by von Muralt^ The case 
considered in equation 1 arises when all the G^b are equal to each othey, 
G 2 ^ • • - Gn = (?. Equations 2 then reduce to the form 

ifi = = (?;••• iCn - ^ (3) 

In this case, which has been considered in detail by Weber® as well as by 
von Muralt^, the titration curve of the n-valent acid has the same form as 
that of n moles of a monovalent acid having the dissociation constant G. 
This condition occurs when a large number of virtually identical acidic 
groups are part of the same molecule, each of which has the same intrinsic 
tendency to lose a proton, and each of which is sufficiently far from all 
the others that the state of ionization of any one group is not influenced by 
the state of the others.* Under these conditions the titration constant 
of the whole set of groups is identical with the intrinsic dissociation con- 
stant of any one of the groups in the set, considered individually. In this 
case, therefore, the titration constant, G, gives a clearer and simpler indica- 
tion of the tendency of the groups in the set to dissociate than do the n 
dissociation constants • Kn^ The titration constants also can be 
calculated from the titration data far more readily than the dissociation 
constants. In the rest of this chapter, the dissociation constant, of an 
individual acidic group in a polyvalent acid or ampholyte will be denoted 

I von Mural^ A. L., J, Am, Chem, Soc., 52, 3618 (1930). 

® Weber, H. H., Biochem, Z„ 189, 381 (1927). 

* It is not necessary that other acidic groups of widely different pK * a ‘ .. «: ■ ‘ -u 

the groups under consideration. Thus we might consider the case of • ■ : ■ r. ■ ' ■ ; .r r "i 

tainmg such a repeating unit as: 

“lysyl-glutamyl-glyeyl-glycyHysyl-glutarayl-glycyl-glycyl-lysyl-glutamyl- . . . 

Here the lysyl residue and the glutamyl residues would each form a class of the type discussed, each having a 
cha^teiistic pG value. The lysyl residues would all carry positive charges in the pH range in which tne 
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by a small k tvith a suitable subscript. For a set of groups which are all 
alike, and in the absence of interaction between the groups, this k is equal 
to the titration constant of Simms. The classical dissociation constants 
will be denoted by capital K’s. 

A general treatment of some of these relations has recently been given 
by Wyman® as follows: 

“Consider an acid in which there are in all m groups capable of dissociat- 
ing a proton. Let Ao refer to the molecules from which no proton is dis- 
sociated, Ai to the molecules from which one proton is dissociated, and, more 
generally. Ah to the molecules from which h protons are dissociated. From 


Ttl^ 

a microscopic point of view, the molecules Ah are of 777 different 

/i!(m — h)\ 

kinds, which we may designate by Am, Am • ■ • , corresponding to the 

Wi 1 

/^!(^ J. h) \ which it is possible to choose the h groups from 

the total of m groups. Altogether, taking account of all values of h from 
0 to m, the total number of microscopically different kinds of molecule 
•Am! 

is given by ^ , which is the sum of the binomial coefficients for 

the exponent m and is equal to 2"”. 

^The molecules of any particular kind are in equilibrium with the com- 
pletely undissociated molecules Ao, which are of course all alike. If we 
use parentheses to indicate concentration and denote the activity of the 
hydrogen ion by (H'*’), this equilibrium may be expressed in terms of the 
product of a series of apparent dissociation constants 

k 

fcii/c2i • • * khi Ao II kill ' (4)* 


(A/ll) = (Ao) 


(H+)^ 


(H+)^ 


Now if we add together the 


ml 

hl(m^k)! 


expressions of this form correspond- 


ing to any given value of h we obtain an expression for the equilibrium 
between all the molecules Ah and the molecules Ao, namely 


(Ah) =» (A/ll) + (A/12) -f • ' • = (Ao) 

The equilibrium constant Lh is defined by this equation, being equal to 
the sum of a series of teims, each term being a product of the form Ukhif 
as given in equation 4. The number of terms in the sum is equal to the 
number of microscopically different kinds of molecule in the class Ak> 
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A dissociation constant Kh. is uniquely defined by equation' 5, for every 
value of h from 1 to m, by the relation 


Kh 


Lh 


(H+)-U0 


(5a) 


“If each of the m acid groups is sufficiently weak we may make the 
usual approximation introduced in discussions of the titration of weak 
acids and say that the amount of base bound by the molecules Ah is, in 
terms of concentration, equal to h{Ah)> The total concentration of base 
bound by all the molecules corresponding to all values of h then becomes 


m 

AoZh 


h -=0 


Lh 

(H+)* 


At the same time the total concentration of ions of all kinds is given by 




Lh 

(W 


where we may write, from 5, Lo = 1* 

From these two expressions it follows that the total amount of base bound 
per mole of A in all its forms is given by 


hLh 

» = ( 6 ) 

Juh 

h (H+)^ 

Jf we neglect the change of activity coeflicients with pH, we may treat 
the i^^s as constants and write this expression as 




S logao > ^ 

aiog^ 


Lh 


^ logio v* 

a pH (H+)* 


(7) 


“This expression holds whetTier or not the groups interact, i.e., whether 
or not the dissociation of one group affects the dissociation of another. 
It is limited only by the approximations we have specifically mentioned, 
namely, the, neglect of the cWnge of activity coefficients with pH and the 
assumption regarding the base bound. 

“We may consider the special case where all the m groups are character- 
ized by the same constant k and where there is no interaction. Then 


Lh becomes equal to 


mi 


h\{m-h)l 


k!' 


and the expression for the base bound 
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This means that the amount of base bound is m times that bound by a 
simple monobasic acid of the same molar concentration as A . 

“Consider another case, where the m groups break up into I classes 
containing Ui, • ni members, characterized by constants 

ki, fc 2 • • ■ kt, and where there is no interaction between any groups. Then 




ni 


d log 
dpH 




wi fci , riiki 

“ jmr+ki (H +) + h 

This may also be written as 
Ti^ 



^ ‘dpHV +(H+); 

(9a) 

, niki 


(9b) 

(H+) + k 


^1 “1 4- 0:2 + ■ • 

• niai 

(9c) 


where the a’s are related to the corresponding k’s according to equation 1.” 

It has been found experimentally that the base bound by protein mole- 
cules as a function of pH can be described by equations of the form of 
equations 9a, 9b, 9c; and in many cases the number of K’s required is small^ 
being of the order of three or seven. Only when the groups of each class 
ionize independently of one another can the values of ifci, • • • ki, in 
equation 9, be regarded as equal to the intrinsic acidity constants of in- 
dividual acidic groups. The problem of the interaction of the groups 
further complicates the theory and is considered in connection with the 
effect of ionic strength on protein titration curves (p. 468). 


Calculation of Free and Bound Acid and Base 


Throughout the range from approximately pH 4 to 10, the concentra- 
tion of free hydrogen and hydroxyl ions in the system is negligibly small 
in comparison with the amount bound by the protein; that is, unless the 
protein concentration is very small. In strongly acid solutions the con- 
centration of free H '' ions and in strongly alkaline solutions the concentra- 
tion of OH” ions is, however, significant in comparison with the amount 
which has reacted with the protein. 

Measurements of pH on the hydrogen electrode are made with the cell. 


H2 


solution X 


sat. KCl 


sat. 01 '^ KCl 


HgCl 


Hg 


EMF measurements made on such a cell determine hydrogen ion activi- 
ties,* which we have denoted by (H'''). 
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An activity coefficient for the hydrogen ion must then be evaluated 
in order to determine the hydrogen ion concentration. This may be done 
for a protein solution by comparison with a solution of a pure strong 
acid or base containing no protein, since there is abundant evidence for 
such pure electrolytes that in dilute aqueous solution their activity coeffi- 
cients are adequately described by the interionic force theory of Debye 
and Hiickel, assuming that the electrolyte is completely dissociated. 
This assumption is supported by the experimental measurements, not 
only in water, but in methyl and ethyl alcohol^®. Thus, if solution x 
in the above cell is HCl at concentration Ci, the hydrogen ion concentra- 
tion is Cl moles per liter. If the hydrogen ion activity obtained from the 
EMF of this cell is then the activity coefficient of the hydrogen ion is 



If now solution x be composed of HCl at concentration Ci, plus a given 
amount of proteia, a new value of hydrogen ion activity, (H'**) 2 , is obtained. 
It has been found that simple and consistent results are obtained in protein 
titration curves if it be assumed as a first approximation that 7 h the 
second solution is the same as in the first; in other words, that 


(H+)i (H+)2 


or log — = pHi - pHj 


( 10 ) 


U2 Ol 

from which the concentration of hydrogen ions in the second solution is 
immediately determined. The difference, Ci - C 2 , gives the moles of 
hydrogen ion bound, by the protein per liter of solution. Although the 
results so obtained, are generMly very self-consistent, this of course does 
not prove that they are correct. This procedure is, however, as free 
from objection as certain alternatives which have been proposed. 

It is interesting to note that essentially this procedure was adopted in 
1898 by Bugarszky and Liebermann^\ who were the first investigators to 
demonstrate by EMF studies that proteins combine with acids and bases. 
They measured the electromotive force between hydrogen electrodes, one 
immersed in a cell containing O.OSiV hydrochloric acid, the other in a cell 
containing the same concentration of acid and varying amounts of egg 
albumin. From the initial concentration of the acid* and the electromotive 
force measurements, the concentrations of free acid were calculated by 
means of the relation: 
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The difference between the free acid and the total acid present yields the 
acid combined with the protein. A recalculation of Bugarszky and 
Liebermann’s results is tabulated below, in part because of historical 
significance and in part because the values obtained are only slightly lower 
than those obtained later by the most careful investigators. 

A similar treatment may be applied to the calculation of the bound 
hydroxyl ions in alkaline solution. If we represent the isoelectric protein 
dipolar ion as '‘Hp-, its reaction with hydroxyl ion may be written 
"^nP "h OH > I "I" H 2 O, and the bound hydroxyl ions^^ represent 
the number of protons removed from the isoelectric protein by this type 
of reaction. 

In a solution of pure Na"* OH or OH~ of concentration Ci, the 
concentration of OH" ions is likewise Ci. The pH measured on the hydro- 


Table 2. Acid Combininq Capacitv op Eoq Albumin Calculated peom the 
Results op Huoakszky and Libbbrmann* 


Albumin 
in system 

HCl in system 

HCl free 

HCl combined 

HCl combined 
by 10 grams - 
albumin 

. P 

grams 

a 

N 

h 

AT 

a — b 

N 

(a ^ by p 

N 

6,4 . 

0.05 

0.0027 

0.0473 

0.0074 

3.2 

0.05 

0.0262 

0.0238 

0.0074 

1.6 

0.05 

0.0373 

0.0127 

0.0079 

0.8 

0.06 

0.0436 

0.0064 

0.0080 

0.4 

0.06 

0.0468 

0.0032 

0.0080 

From Cohn, K. 

J., PhmioL H&o-i 5, 
, nmi Liebermann, 

Tiihk 4, p, 364 (1926). 



• Bugargzky, B. 

L., PAUg&r'a Archiv, 72, 61 (1898). 



gen electrode yields the H ion activity (H"^)!. The OH ion activity, 
(flOH)i ~ Ata/(H')t and the activity coefficient yoh is 


(7oh)i 


( aoH)i 

(coh)i 



(H+)i(7i 


Now consider solution 2, containing the same concentration of strong 
alkali, and also a given amount of protein. The total concentration of 
alkali is again Ci ; the concentration of free OH~ ions, to be determined, is 
denoted as Ci. The measured pH of this solution is taken as the H ion 
activity, (H *')«. We now make the postulate, similar to that made in the 
acid solution discussed above, that 


(yoh)i (ToH)a 


K„ K„ 


Hence (H+)iC'i - (H '-)sft; or 
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This treatment eliminates any need of employing the dissociation con- 
stant of water, K,,, in the calculations. The only quantities which must 
be known are the analytically determined values of the concentration of 
alkali in solutions 1 and 2, and of protein in solution 2; and the pH values 
of the two solutions. This is essentially the procedure adopted by Cohn 
and Berggren^^ in 1923, in their' studies on casein. 

This analysis can be criticized on theoretical grounds. The activity 
coefficient of any ion is a function of the nature and concentration of all the 
ions present. In the above treatment, in the acid solution the concentra- 
tion of chloride anions is the same in solutions 1 and 2, The equivalent 
concentration of cations is, of course, also the same in both; but in solution 
1 the cations are all monovalent H"^ ions, while in solution 2 they are 
largely polyvalent protein ions. The total ionic strength in solution 2 
should thus be greater than in solution 1, and the activity coefficient, 
might be expected to be smaller. The same criticism holds for the inter- 
pretation of the measurements made in alkaline solutions. This point 
was carefully con'sidered by Cohn and Berggren^^ (see especially Table 3 
of their paper). They did not, however, suggest any departure in practice 
from the procedure here adopted. 

There is indeed at present no simple method of evaluating the con- 
tribution to the ionic strength of large polyvalent ions with widely separated 
charges. The wide separation of the charges should certainly cause the 
protein ion to affect the ionic strength of the solution much less than if the 
same net charge were concentrated within an ion of very small ^adius^^ 
The justification of equations 10 and 11 is essentially pragmatic; they give 
consistent and regular results for the maximum acid binding by proteins, 
even when the concentration of protein and of total acid are independently 
varied over a considerable range. Further advance of knowledge may well 
lead to an equation more accurate than equation 1, but it is not likely 
that any drastic revision of our present views on the binding of acids by 
proteins will be required. 

The effect of any errors in equations 10 and 11 can be minimized by 
making the unknown concentration C 2 as small as possible, relative to the 
known concentration Ci; that is, by making the concentration of free acid 
small compared to the acid bound by the protein. This can best be 
achieved by making the protein concentration as high as possible when 
working in strongly acid (or alkaline) solutions. This of course increases 
the uncertainty arising from the effect of the protein on the activity coeffi- 
cient of the hydrogen ion; but this disadvantage is much more than 
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counterbalanced by the advantage of reducing (H ^)2 and C 2 to values small 
compared to and Ci, 

Another device which is often of value in eliminating uncertainties 
regarding activity coefficients is to conduct the titratiori in the presence of 
a large excess of a neutral salt, such as sodium or potassium chloride, at 
constant ionic strength, and to carry out EMF determinations on pure 
strong acid (or alkali) in the presence of the same salt at the same ionic 
strength. Equations 10 and 11 should be much more rigorously applicable 
in such systems than in the absence of added salt, since the added salt, 
at high ionic strength, becomes the major factor in determining the ac- 
tivity coefficients of all ions present, and also the liquid junction potential. 
^It has been shown that the Nernst formula for electromotive force, the 
solubility product and mass action law in the case of a complicated ionic 
equilibrium are applicable in their classical form to such concentrated salt 
solutions, the reason for this simplicity being the practical constancy of the 
activity coefficients in the practically constant medium. Utilization of 
these results would mean in many cases a great simplification in problems 
pertaining to electrolytic solutions^^ (reference 14, p. 431). Cannan^^ 
has applied this method to egg albumin and lactoglobulih in the course 
of extensive studies of the effect of ionic strength on protein titration 
curves, which are discussed in more detail later in this chapter. Like- 
wise, Cohn, Green and Blanchard^® studied the titration curve of hemo- 
globin both’ in the absence of salt and in the presence of molar sodium 
chloride over a wide range of pH. A practical limit, however, was set 
to this method of titrating in acid solution by the fact that the hydro- 
chloride of hemoglobin is insoluble in the presence of excess chloride ion. 
The same difficulty arises with many other proteins — ^for instance, edestin 
and myosin— and, therefore, involves a serious practical limitation on this 
method which is theoretically so advantageous. Such difficulties, how- 
ever, seldom arise for proteins in neutral or alkaline solutions and this 
method is undoubtedly adapted to much wider application than has been 
made of it in the past. 

•/'A very careful and critical study of the maximum combining capacity 
of proteins with acid has been made by Hitchcock^'^ based on the electro- 
motive force of cells without liquid junction involving hydrogen electrodes 
and silver-silver chloride electrodes. We quote from his discussion. 

^^These cells were essentially of the following type: 


H 2 , protein q- HCl (O.lM), AgCl, Ag, Ag, AgCl, HCl (O.llf), H 2 (+). 
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Cells of this type, without protein, had been used with marked success by 
Lewis, Earned and others' in studying the activity coefficients of single or 
mixed inorganic strong electrolytes. This double cell is a concentration 
cell without transference, and its electromotive force is given by the exact 
thermodynamic equation, 

E^klog (12) 

mH^ciT 


Here k is 2.3026 RT/F, m and 70 are the molality and the mean activity 
coefficient of the ions of the acid without protein, mn and mci are the 
molalities of the hydrogen and chloride ions in the protein solution, and 
7 is the mean activity coefficient of these ions in the protein solution. If 
the protein concentration is expressed as g grams of protein per kilogram 
of water, and if one gram of protein binds x equivalents of hydrogen ions 
and y equivalents of chloride ions, the product mH^ci may be replaced 
by (m - gx)(m - gy), or 


E^klog 


2 2 
m 7o 

(m - gx){m - gy)y^ 


(13) 


“In order to calculate values for x by means of equation 13, it is neces- 
sary to make some assumption about the values of y and y. Three sets 
of assumptions were tried: 


I. 


II. 


2/ = 0. 7 = Yo 

m 


E = klog 


(m - gx) 


y = constant. 7 = 70 


E = k\og 


m 


(to - gx){m - gy) 


(14) 


(15) 


III. 


y = Q. log 7 = log 70 - hg. 


E = k\og — ^ 4- mg. 
m- gx 


(16) 


“The results of these measurements and calculations for three proteins are 
given in Table 3. The assumption of constant activity coefficients is 
similar to that used in getting protein dissociation curves from pH data. 
As applied to the data obtained without liquid junction, this assumption 
does not give constant combining capacities for hydrogen ions (I) unless 
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law of Harned’* and Giintelberg'®, which applies to mixtures such as 
those of hydrochloric acid with sodium chloride, at constant total molality. 
A similar rule was found by I alley ** to represent the effect of edestin in 
acid solutions on the activity coefficients of thallous chloride. 

“The second and third assumptions give the values of z which are con- 
stant and practically identical. This agreement was puzzling until it was 
realized that equation II can be reduced to the same form as III by ex- 
panding the logarithm of one factor into a series and neglecting higher 
terms. Hence the data do not indicate whether II or III is more likely to 
be correct; the analogy with the linear law just mentioned seems to favor 
III. For gelatin and edestin, the values of x are in excellent agreement 


Table 3. Acid Combinino Capacities op Proteins prom the Electromotive 
Force op Cells without Liquid Junction at 30°C.* 


Pro tern 

protein per 
kg H 2 O. 

m « lia 
per kg H 2 O 

E ^ EMF 
of double 
cell 

10’ X = bound per gm protein 

(railliequivalents) 


I 

II 

III 

Caaeiii 

gm 

20.0 

30.0 

40.0 

60.0 

moles 

0. 10(X) 
0.0099 
0.0999 
O.UKK) 

initlivoUs 

6.6 

10.2 

14.1 

18.5 

1.116 

1.076 

1.042 

1.015 

0.814 

0.801 

0.796 

0.799 

(lOV « 0.36) 

0,800 

0.796 

0.795 

0.802 

(10^6 « 8.6) 

Edestin 

18.56 

42.35 

02.7 

1 ' 

0. 1020 
0.1060 
0.1065 

9.0 

24.4 

47.6 

1.602 

1.605 

1.411 

1.336 

1.346 

1.339 

(lO^T » 0.35) 

1.326 

1.340 

1.340 

' (10^6 = 8.0) 

Gelatin 

i 50.3 

1 70.4 

1 90.6 

i 

0.1000 

O.UKK) 

0.1000 

19.5 

32.8 

67.1 

1.046 

1.016 

0.981 

0.957 

0.961 

0.968 

(IO’t - 0.17) 

0.958 

0.961 

0.959 

(10^5 = 3.85) 


From Hittsbficmk, D. J 
• Hitehcuck, D. I t J 
Ch&mieiry of Ih^ Amino 


[ r*t hi tf *irhof Quant. Table I, 

V..,' ' , ih. 357 (1932-33), and Hitchcock, D. 

/i -i.f '!■ t! I r, Bpringfield, Illinois U038). 


1: 


28 (1938). 

in Schmidt, C. L. A., "TAe 


with those previously obtained by other methods; it seems likely, there- 
fore, that the eomliining capacities for hydrogen ions are correct, although 
the question whether chloride ions combine with proteins is still undecided" 

(reference 17, p, 27-28). . 

In Table 4 of Ghapter 15 we have summarized the data obtained on 
cells with liciuid junction for these same proteins and compared them with 
the results obtained by Hitchcock. This table also gives comparative 
figure.s for the analytical data on the histidine, arginine and lysine content 
of all these nroteins in comparison with the acid binding capacity, as 
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determined from EMF measurements. Similar data are also given for 
zein, gliadin, insulin, hemoglobin and limulus hemocyanin and other 
proteins, either because of their general. importance or because of the 
accuracy of the analytical data upon them, although they have not been 
studied in cells without liquid junction. In general, the agreement be- 
tween values obtained with and without liquid junction may be con- 
sidered very satisfactory, considering the present state of our knowledge. 
The discrepancy with regard to casein depends entirely upon the divergence 
in the values obtained by different investigators from measurements in 
cells with liquid junction. Hitchcock^s determinations on cells without 
liquid junction fall well within the limits of this divergence and cor- 
respond very well with the total content of dibasic amino acids, as deter- 
mined by isolation procedures. 

Another uncertainty in the interpretation of EMF measurements has 
been pointed out by several authors. It is always possible, when work is 
carried out at a pH as acid as 1 or 2, or as alkaline as 12 or 13, that some 
hydrolysis of peptide or other linkages may take place, increasing the 
maximum capacity f^ binding acid or base above that of the native protein. 
Synthetic peptides, in solution at room temperature, show no appreciable 
hydrolysis within short periods of time; but it is always possible that more 
labile peptide or other linkages exist in the protein molecule. In any case, 
such linkages must be few, since the maximum acid combining capacity of 
many proteins, as will be seen from 'the later discussion in this chapter, 
is little if at all greater than their known content of dibasic amino acids. 
Such discrepancies as do exist are quite as likely to be due to inadequate 
analytical estimates as to partial hydrolysis of the protein during titration. 

It is important, however, in determining acid and base combining 
capacity from electromotive force measurements, to determine whether 
there is any change of EMF with time, when a given solution is observed 
over a period of several hours or even for one or two days. 

Equilibria between Different Ionic Forms in Polyvalent Acids and 

Ampholytes 

The interpretation of protein titration curves involves the analysis of 
several factors which are not present or are unimportant in studies on 
amino acids. Protein molecules ^contain only a few different kinds of 
ionizing groups, but they generally contain many different groups of one 
or more kinds. Therefore, in a given solution, many different ionic forms 
of the proteins may exist in equilibrium with one another. Some aspects 
of the problems which thus arise have already been discussed in nhfl.nf,Ar 
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groups in a protein molecule is given by equation 9, as a function of the 
pH, the titration constants of the protein, and the number of groups in the 
molecule corresponding to each titration constant. I is thus the base 
bound by the protein, taking the point of maximum acid binding as the 
zero of reference. If n is the positive charge on the protein when the maxi- 
mum amount of acid is bound, then the mean net charge on the protein 
at any pH is n - Ti. Corresponding to this mean value, however, there 
must be in general a large number of different ionic forms of the protein 
in equilibrium with one another. Thus (see Wyman’s discussion, p. 
451) if the protein contains altogether m + n groups capable of yielding 
up a proton, the number of possible different configurations from which 
, , , . (m + n) ! 

h protons have been removed is ■ Thus for horse CO- 

hemoglobin in which m + n may be taken as 174 (probably a slight under- 
estimate), the molecule is isoelectric when 99 protons have been removed 
(p. 478). Thus the number of possible isoelectric forms is approximately 

9^^5! “ ® ^ forms corresponding to this vast number 


must obviously be of negligible importance. All the isoelectric forms 
present to any appreciable extent must carry negatively charged carboxyl 
groups, uncharged phenolic hydroxyl and sulfhydryl groups, and posi- 
tively charged ammonium and guanidinium groups. The actual state 
of the molecule in the solution depends chiefly on the distribution of charge 
among the 38 imidazole residues of histidine which are present (p.*480). 
Hemoglobin is isoelectric when 12 of these 33 residues have lost protons. 
The number of different configurations which correspond to this state of 
total charge is 


331 

12 ! 21 ! 


364,817,320 


and any one of these poasiblc forms has a reasonable chance of existing in 
the solution at any moment. Where the actual configuration of charges 
in a protein molecule is important we must reckon, not Avith a single iso- 
electric form, but with a large number of different forms. 

All these forms of a given net charge are in equilibrium, not only with 
each other, but with other forms of greater and less net charge. In any 
isoelectric protein solution, for instance, protein anions and cations are 
present in considerable amounts. It is of interest in ifiany connections— 
for example, in considering the conductivity of protein solutions or in 
* in+.f>rnrAt.iTior Robihilit'.v ftxnerimcnts on oroteins— to be able to evaluate 
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1. The Equation of Lin(ierstr0m-Lang. That a problem of this sort 
existed was apparently first clearly stated by Linderstr0m-Lang^\ He 
pointed out that in a pol3walent acid or ampholyte, as the number of acid 
or basic groups increases, ^^so also an increase takes place in the number 
of dissociation stages, and since the dissociation constants lie close to- 
gether, there will be several different types of ions with different valencies 
determining the mean valency (reference 21, p. 22). He proceeded to 
develop an electrostatic theory of the effect of ionic strength on the titra- 
tion constants of polyvalent acids and ampholytes, which is considered 
on p. 472. 

Recently Linderstr0m-Lang has given a quite general equation which 
gives a simple measure of the deviation of individual ions in a solution from 
the average state of the. ions in the system,* He has derived this from a 
treatment essentially identical with that already considered (p. 451). 
His equation may be immediately derived by differentiating the general 
equation for the average number of protons h, as given by equation 6, with 
re.spect to pH. 


dl 

apH 


d(n - %) 
~ apH 

E 


= -2.303 


dl 


2.303 


Kk 


ain(H+) 
Kk 


= -2.303(H+) 


(H+)'‘ ^(H+) 


/ Y' hKh Y 

(H+)V 


dJi 

d(H+) 


(18) 


(e^Y 


= 2.303 [h^ - cay] 


The difference between the mean square value h^, and the square of the 
mean value, (hf, is the standard deviationf of the function h. It is the 
simplest index of the proportion of molecules whose net charge at any 
moment differs from the mean net charge of all the' molecules in the solu- 
tion. 

At pH values for which the concentration of free hydrogen or hydroxyl 

dH 

ions is negligibly small, the function is equal to the "buffer value” 
of 'Van Slyke^^, per mole of protein. 

We may now employ the value of Ji, given by equations 9a, 9b and 9c. 
These equations may be compactly written as equation 9: 


21 y T 

r'v- ; ■ "i V 


s = E 

J 


njkj 

(H+) H- k,- 



(9) 


V . ^ trav. lab. Carhberg, 15, No. 7 (1924). 

: ■ i I several years ago, by Dr, Liuderstr^m-Larigtbut has not previously 

’ nrobiems were discussed, at the Department of Physical 
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Then, following Van Slyke’s treatment, the buffer value is found to be 


_oqnoY' — 

a pH ■' T {kf + (H+)y2 ° «/( 1 - a/) (19) 

and, combining 18 and 19 

- Oi) =2 %a,(l - a,-) ^20) 


We may apply ihm equation, for instmce, to hemoglobin .t its iso- 
electric poml, which was at approximately pH 6.4 in the experiments of 
Oohii, Green and Blanchard • Two sets of histidine groups, correspond- 
mg to the titration constants denoted by them as pKl . 5.7 (containing 
13 ^oups) and pK, - 7.6 (containing 20 groups) are by far the most im- 
portant in the application of equation 20. For the former set, « . 0 833 
at pH 6.4, for the latter, a = 0.074. Hence 


N - {If = 13(.833 X .167) + 20(.74 x .926) = 3.18 

A small additional contribution is made by the 87 carboxyl groups for 
which a mean value of 1 - a between ;002 and .004 may be taken (pK' 
between .3.7 and 4.0), giving an additional contribution of 0.17 to 0.34. 
The contnbutionsjrom groups having pK' values of 10.8 or greater are 
negligible. Thus - {If = 3.4 to 3.5; and the root mean square value 
of the net charge per molecule of hemoglobin at the isoelectric point is 
approximately 1.85. 

This tieatment i.s perfectly general, provided that the k values deter- 
mined for the protein are not a function of pH; this requirement is essen- 
tially fulfilled, pi ovided the titration from which they are derived is con- 
ducted in a medium of constant temperature, chemical composition and 
ionic strength (e.xccpt for the small amount of acid and base added). 

We may iiow consider a second approach to this problem, which is more 
restricted in it.s application, but when applicable gives a more detailed 
picture of the state of the system. 

2. The Probability Distribution Function for a System of Independently 
Ionizing Groups. In this treatment, we confine ourselves to systems 
which fulfil the conditions as.sumed in deriving equations 9a, 9b and 9c; 
that is, the groups in any one class, corresponding to one pK' value, do not 
interact. The quantity a* (equations 1 and 9c) for the A:’th class of 
groups, denoto.s at any pH the fraction of the -total number of groups in 
this class from which a proton has been removed. But also denotes the 
probability that any individual group in this class, chosen at random, would 
be found to have Io.st a proton. If the number of groups, in this class ner 
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molecule is n*, then the probability of a particular configuration, in which 
a specified set of qk individual groups have lost their protons, while the 
remaining n* — g*. have not, is 


Vilk) = aHl - ( 21 ) 

The number of ways in which g* protons can be removed from the n* 

groups IS j and by our initial postulate all of these possible ways 

are equally probable. Thus the fraction of all the molecules in the system 
which have lost g* protons of the /b’th class, that is, the total probability 
of the state g* is: 


P(g.) = 


nA. 

%\{nk-qk)\ 


(1 - 


nkl 

qk\(nk-qk)\ 





( 22 ) 


where g* may assume the values 0, 1, 2 • • • n*. Thus we need only evaluate 
the function PCg*) for all values of g* from 0 to n*, to determine the relative 
numbers of molecules in the different states of net charge.* 


Similarly if we consider the set of n, residues corresponding to the j’th 
titration constant: 



hj\ 

QfKnf-q,-)l 



(23) 


Thus the probability of the state in which g*, protons have been removed 
from the A'th class, and gy from the j’th class is 


= P(qic)-P{qj) (24) 

A Simple Case. Consider a hypothetical peptide, composed of five 
glutamyl residues (pK' = 4.6) and three lysyl residues (pK' = 10.6) all 
widely separated from each other by monoamtno-monocarboxylic acids, 
so that no one of the charged groups appreciably affects the ionization 
of the others. (The terminal a-amino and carboxyl groups are tied off 
so that they do not react with acids or bases.) This molecule will be 
isoelectric when li = 3, that is, when on the average three-fifths of the 
carboxyl groups in the system have lost their protons. At the isoelectric 
point (pH 4.676) a = 0.6, and «/(! - a) = 1.6. At this pH, all the lysyl 

tion:^' readily be ealoulated for other values by means of the rela- 
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residues in the system may be assumed to be positively charged; the error 
in this assumption is negligible. Then, utilizing equation 22, the state 
of the system is given by 

“ «!(5^)”! 1’ 2, 3, 4, 5, 

where q is the number of carboxyl groups which have lost protons in any 
given molecule. When carried through, the calculation yields Table 4. 

Thus at any moment only about one-third of all the molecules present 
at the isoelectric point are truly isoelectric; the remaining two-thirds carry 
a net charge. The mean square value of this net charge is found from 
equation 20 to be 1.2; the same value may be calculated from Table 4 by 
multiplying each value of P{q) by the square of the corresponding net 
charge, and summing all the terms. 

Table 4. Disteibution op Chaeged Poems in a Peptide Containing Five 
Caeboxyl Geoups and Theee Positive Chabges, at the Isoblbcteic Point 


q » no, of 
ionized COO” 
groups in 

Net charge 

Z “ 3 - g 

fraction of 
molecule in. 

molecule 

state q 

0 

•4"3 

■ .0102 

1 

+2 

.0768 

2 

+1 

.231 

3 

0 

.346 

4 


.259 

5 

-2 

.0775 


Such calculations are not, of course, confined to the isoelectric point; 
they can be carried out equally well at any other pH value, and any state 
of mean net charge. • 

Equilibria between Different Charged Forms in Isoelectric Hemoglobin 

In hemoglobin at pH 6.4, the value of H is 99, and the protein is isoelectric 
under the conditions’ of the titration shown in Fig. 1, (p. 466). All the 
87 carboxyl groups found will be assumed to carry negative charges at 
this point. Thus the molecule is isoelectric when on the average 12 of the 
33 imidazole groups on the histidine residues in each molecule have lost 
protons. These residues are of two classes: Class A (13 residues) with 
pK' 5.7, ax “ .833, and Class B (20 residues) with pK' 7.5, as = 0.74. 
Then if we denote the fraction of hemoglobin molecules in which five 
residues of Class A have lost protons by Px(5), etc., and simUarly for Class 
B, we obtain, from equation 23, Table 5. The proportion of other states 
of charge in Classes A and B is negligible at this pH. ^ 

'T'V.a f..Qn+;rtn of H.11 thft hemoerlobin molecules in which a total of q groups 
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by Pt(s)- This function may be evaluated from equation 24, and the 
data of Table 5. Thus, for example, if g = 12, we have: 

Pt(12) = Pa(0) •Pb(12) + Pa( 1) -PnCH) 

+ .•.Pa(11)-Pb(1) + Pa(12)-Pb(0) 



Figure 1. The titration curve of carboxyhemoglobin of the horse in the absence 
of added salt (solid circles) and in the presence of 1 ikf NaCl (open circles). 

atnl Blanchard, M. H., J. Am. Chem. Soc., 69 , 

o09 (1937). 


Many of these terms (for instance, the first six in the above series) are so 
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Thus it appears that less than a quarter of the hemoglobin molecules, 
in an isoelectric solution, are actually isoelectric at any moment. The 
exact values given in Table 6 depend on the specific assumptions regarding 
pK values and the number of groups involved; but any treatment compati- 
ble with the general form of the titration curve near the isoelectric point 
would lead to a closely similar result, even if it were assumed that electro- 
static interaction between the ionizing groups is considerable. Here 


Table 5. 


DisTRmxjTioN OF Qharge Among Histidine Residues op Hemoglobin 
OF Class A (pK' 5.7) and Class B (pK' 7.5) at pH 6.4 
A ^ Class B 


Pa (5) * .00016 
Pa (6) = .00107 
Pa (7) « .0103 
Pa (8) « .0385 
Pa (9) = .1071 
Pa (10) « .214 
Pa (11) = .292 
Pa (12) » .243 
Pa (IB-) =..0935 


Pb 

(0) = 

.215 

Pb 

(1) = 

.344 

Pb 

(2) = 

.262 

Pb 

(3) = 

.1255 

Pb 

(4) = 

.0426 

Pb 

(S) - 

.0109 

Pb 

(6) - 

.0022 

Pb 

(7) = 

.00035 


Table 6. Distribution among Forms op Different Net Charge in Hemoglobin 

AT pH 6.4 


q = no. of 



Contribution 

uncharged 


Fraction of 

to total mean 

imidazole 
residues per 
molecule 

Z = net charge 
« 12-5 

molecules in 
state q = 

FtC?) 

square 
net charge 
« ZJPrfz) 

6 

+6 

.0003 

.0108 

7 

+5 

.0026 

.0650 

8 

+4 

.0126 

.2016 

9 

+3 

.0390 

.3510 

10 

+2 

.0942 

.3768 

11 

+1 

.1698 

.1698 

12 

0 

.2240 

.0000 

13 

-1 

.2120 

.2120 

14 

-2 

.1430 

.5720 

15^ 

-3 

.0699 

.6291 

16 

-4 

.0265 

.4240 

17 

-5 

.0071 

.1775 

18 

-6 

.0018 

.0648 

19 

-7 

.0003 

.0147 

Total . . 


.. 1.0041 

3.190 


The sum of all values of Pt(q) should be exactly 1; the value obtaiaed (1.0041) 
shows the slight deviation from this value due to approximations made in the numeri- 
cal calculations. 


again, for a protein as for a peptide, the method of analysis adopted is not 
restricted to the isoelectric point, but is equally applicable to any state 
of charge on the molecules. 

The existence of such equilibria between the different charged forms 
is of importance in several respects. It should lead to higher values for the 
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experiments, account should be taken of the fact that at any pH many 
different ionic forms are present in solution. The activity coefficients 
of these different forms may be very differently affected by such factors 
as the ionic strength and the dielectric constant; while the measured 
solubility at any point represents the summation of the concentration 
of all these forms under the given conditions. The principles involved 
here have already been set forth in Chapter 3 (see especially equations 
187-197 inclusive) . 

On the other hand, it is not to be expected that electrophoresis measure- 
ments on a chemically homogeneous protein preparation under given 
conditions of temperature, pH and ionic strength, should reveal any 
non-uniformity of mobility among the protein molecules,, due to this 
charge distribution. Any individual molecule in the system is constantly 
giving up and taking on protons, so that the time average of its net charge, 
considered over an appreciable time interval in which many proton ex- 
changes take place, is identical with the mean net charge of all the molecules 
in the system, ^he influence of the non-uniform distribution of charge 
among the molecules should thus affect their random Brownian motion 
when they are placed in an electric field. It should not alter the mean 
electrokinetic potential, ^o, (Chapter 25) which determines the electro- 
phoretic mobility.* 

The existence of this charge distribution function may have significant 
implications for the study of protein solutions in alternating fields of high 
frequency (see Chapter 22). The rotation of the polar protein molecules 
in the field leads to absorption of energy by the dielectric. If ions carrying 
a net charge are present, in equilibrium with the isoelectric protein, there 
should be additional energy absorption, due to the translational motion 
of these ions in the alternating field, which is opposed, by the frictional 
resistance of the medium. This translation, however, can occur only 
if. the time of alternation of the field is short compared with the time 
required for proton exchange between the protein and the surrounding 
medium. Otherwise we must deal, as in the case of electrophoresis in a 
steady field (discussed above), with the time average of the net charge on a 
protein molecule, which vanishes at the isoelectric point. As yet there is 
no reliable knowledge of the rates of proton exchange in solutions, and 
further analysis of this problem must remain for the future. 

The Effect of Ionic Strength on Protein Titration Curves 

It has long been known that the form of the titration curve of any given 

■nrnt.P.lTI I.Q TYlJ1.T*lrAmV In'xr trciriQ’f inno in Cff van nrl-V» r\f 
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Table 7. Dissociation Curves op Egg Albumin at Constant 1/2 (KCl) 


Z equi. [H+] bound per 45 ,000 gm. Egg Albumin 


■Ionic strength 1/2 

0.0085 

0.017 

0.033 

0.067 

0 133 

0.267 

0,67 

1.19 

2.38 

Z = n- k 

pH 

pH 

pH 

pH 

pH 

pH 

pH 

pH 

pH 

39 






2.03 • 

2.40 

2.43 

2.53 

38 




2.00 

2.17 

2,31 

2.58 

2.68 

2.80 

36 



2.00 

2.28 

2.48 

2.63 

2.88 

2.95 

3.04 

34 



2.24 

2.50 

2.70 

2.83 

3.09 

3.16 

3.24 

32 



2.46 

2.70 

2,88 

3.02 

3.24 

3.31 

3.40 

30 



2.65 

2.86 

3.04 

3.18 

3.38 

3.45 

3.54 

28 



' 2.81 

3.03 

3.18 

3.32 

3.50 

3.57 

3.66 

28 



2.96 

3.17 

3.32 

3.43 

3.61 

3.68 

3.77 

24 



3.11 

3.31 

3.45 

3.55 

3.72 

3.79 

3,87 

22 



3.28 

3,44 

3.57 

3.67 

3.82 

3.89 

3.97 

20 

3.13 

3.29 

3.41 

3.57 

3.69 

3.78 

3.92 

3.99 

4.07 

15 

3.65 

3.66 

3.75 

3.88 

3.98 

4.05 

4.17 

4.23 

4.32 

10 

3.90 

4.06 

4,12 

4.21 

4.28 

4.33 

4,42 

4.48 

4.56 

8 

4.14 

4.22 

4.26 

4.34 

4.40 

4.44 

4.52 

4.58 

4.06 

6 

4.32 

4.38 

4.41 

4.48 

4.53 

4.56 

4,63 

4.69 

4.76 

4 

4.50 

4.55 

4.57 

4.62 

4.65 

4.69 

4.75 

4.79 

4.87 

2 

4.69 

4.72 

4.74 

4.77 

4.79 

4.83 

4.87 

4.92 

4.99 

0 

4.90 

4.91 

4.92 

4.93 

4.95 

4.97 

6.00 

5.05 

5.13 

-2 

6.14 

6.14 

5.14 

5.12 

6.14 

5.15 

5.17 

5.21 

6,29 

-4 

5.39 

6.38 

6.36 

6.33 

5.33 

5.35 

5.35 

5.39 

5.47 

-6 

6.68 

6.65 

5.62 

.6.59 

5.56 

5.67 

5.68 

5.62 

5.70 

-8 

6.06 

6.00 

5.96 

5.91 

6.89 

6.87 

5.86 

5.90 

5.98 

-10 

6.64 

6.46 

6.39 

6.33 

6.29 

7.28 

6.26 


6,39 

-12 

7.12 

6.90 

6.97 

6.91 

6.87 

6.82 

6.80 


6.93 

-14 



(8.1) 

(8.0) 

(7.9) 

(7.9) 

(7.8) 


(8.0) 

-16 



(9.4) 

(9.2) 

(9.1) 

(9.1) 

(9.0) 


(9.2) 

-18 



9.94 

9.80 

9.73 

9.69 

9.62* 


9.75 

-20 



10.29 

10.15 

10.06 

10.02 

9.93 



-22 



10.66 

10.41 

10.31 

10.26 

10.15 



-24 



10,79 

10,63 

10.63 

10.47 

10.23 



-28 



11,02 

10.84 

10.73 

10.65 

10.52 



-28 



11.22 

11.04 

10.92 

10.83 

10.69 



-30 



11.42 

11.23 

11.12 

11.02 

10.88 




-0.0201 

; -0.014 

-0.007 

0.000 

0.005 

0.009 

0.014 

0.0155 

0.016 

/3(.(KC1) 

0.00 

0.01 

0.02 

0.03 

0.04 

. 0.07 

0.10 

0.14 

0.22 

/3q(CaCh) 



-0,05 

-0.06 

-0.08 

-0.10 

-0.14 



/ApH\ 

.086 

,078 

.071 

.064 

.059 

.065 

.051 

.050 

.049 












.058i 

5 .0601 

) .042i 

5 .034{ 

) .028{ 

> .024 

.019 

.018i 

) .0176 

Wl 

.0691 

5 .059! 

i 

1 .0381 

) .029i 

1 .022! 

7 .015J 

} .011! 

3 .0086 

Wi 

.071' 

7 .062 

1 .052! 

J ,043- 

i .0351 

3 .029- 

4 .023( 

) .0200| .0172 


From Cannan, E. K., Kibrick, A., and Palmer, A. H., Annals N . Y. Acad. Set., 41, 247 (1941). 


. j • . - j -1 




4-« /■ 


4-<r\ 
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moderate concentrations; solutions alkaline to this point become more acid. 
Commonly, the magniWde of the displacement is greatest at reactions 
far from the isoelectric point. This effect was first clearly revealed by 
the classic studies of Sorensen^^ upon egg albumin and he recognized that 
the point of minimum displacement in these curves was . identical with, 
or close to, the isoelectric point of the protein. 


Table 8 , Effect of Ionic Strength ( KOI ) on the Dissociations op 
/3-Lagtoglobulin 


Ionic strength 1/2 

0.010 

0.019 

0.035 

0.069 

*0.135 

0.270 

0.67 

2.1 

Z 

pH 

pH 

pH 

pH 

pH 

pH . 

pH 

pH 

46 







1.90 

2.02 

44 






2.13 

2.30 

2.42 

42 




2.10 

2.25 

2.46 

2.70 

2.95 

40 



2.12 

2.35 

2.63 

2.70 

2.96 

3.16 

35 


2.36 

2.62 

2.82 

2.96 

3.14 

3.35 

3.62 

30 

2.66 

2.83 

3.00 

3.19 

3.32 

3.45 

3.67 

3.80 

25 

3.08 

3.23 

3.36 

3.63 

3.64 

3.74 

3.92 

4.03 

20 

3.46 

3.60 

3.72 

3.84 

3.93 

4.02 

4.16 

4.26 

16 

3.86 

3.96 

4.06 

4.15 

4.22 

4.30 

4.40 

4.47 

10 

4.28 

4.35 

4.42 

4.48 

4.62 

4.57 

4.64 

4.69 

6 

4.73 

4.75 

4:78 

4.82 

4.86 

4.87 

4.89 

4.92 

0 

5.18 

6.18 

6.18 

5.18 

5.18 

5.18 

5.18 

6.18 

-5 

6,75 

5.72 

6.69 

6. '64 

5.63 

6.60 

5.54 

5.51 

-10 

6.65 

6.50 

6.45 

6.38 

6.35 

6.30 

6.26 

6.20 

-15 

7.66 

7.45 

7.35 

7.28 

7.23 

7.16 

7.10 

7.00 

-20 


8.80 

8.65 

8.55 

8,46 

8.40 

8.35 

8.30 

-26 



9.72 

9.60 

9.48 

9.40 

9.40 

9.60 

-30 



10.20 

10.10 

10.06 

10.02 

9.90 

10.0 

-36 



10.60 

10.47 

10.36 

10.30 

10.30 


-40 



10.83 

10.70 

10.60 

10.55 

10.50 


—45 



11.05 

10.93 

10.80 

10.76 

10.75 


w ( Observed ) 

0.061 

* 0.052 

0.046 

0.038 

0.032 

0.027 

0.020 

0,015 

w ( Theory ) 

0.064 

0.066 

0.047 

. 0.0395 

0.0316 

0.026 

0.020 

0,016 


From Cannaix, R. K., Palmer, A. H., and Kabriok, A. C., /. Biol. Chem.^ 142, 803 (1942). 


These effects in egg albumin were later studied in much greater detail 
by Sorensen, Linderstr0m-Lang and Lund*. Recently. Canhan, Kibrick 
and Palmer^* have studied egg albumin over a wide range of ionic strengths 
in several different salts, and the same authors** have made a very thorough 
study of ^-lactoglobulin. Their data for these two proteins, in the presence 
of KCl at a variety of ionic strengths, are given in Tables 7 and 8. In 
these tables, the molecular weight of egg albumin has been taken as 46,000, 
and that ^f lactoglobuiin as 40,000. The mean net charge per mole of 
protein,* Z, is given as a function of pH for different values of 7/2. 

T'hii Hfl.f.n llOTtro Koia-n /aTV^T^^T.^rtn^UT U,* r\ „ 1 
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Palmer by a simple equation. Choosing the curve at one given ionic 
strength as a standard, one may find from Table 7 or 8 the difference in 
pH) ApH,, between the standard and one of the other curves, and plot 
this as a function of .Z. If for egg albumin the curve in 0.067ilf KCl is 
taken as the standard of reference, it is found that ApH, is a linear function 
of Z over all regions of the curve. 


ApH. = a,Z + ft (25) 

Here a is the slope of the qurve and ft is a constant factor for each curve, 
chosen to make all curves intersect at pH 4.9. The ft term is merely the 
expression of the fact that the curves at different ionic strength do not 
intersect at the same isoionic point. The same relation holds for ft 
lactoglobulin up to 7/2 = 0.67, but in this case ft = 0,-for all curves inter- 
sect at the same isoelectric or isoionic point, pH 5.18. 

“The only observable effect of substituting KCl by MCh at constant 
ionic strength seems to be a parallel displacement of the whole dissociation 
curve toward a lower pH to an extent increasing with 7/2. In other words, 
a, is unaffected, but ft is changed in sign. The displacements due to 
Ca’’”^ or Mg"'”*' are almost identical and are slightly greater than those 
due to Sr''”*' or Ba'*”*'” (reference 24, p. 253). 

The theoretical interpretation of these effects is still incomplete but to a 
first approximation they may be explained in terms of the Debye-Hiickel 
theory. This was first pointed out by Sorensen, Linderstr0m-Lang and 
Lund^ and we shall reproduce here the substance of their argument. Con- 
sider the dissociation of an acid. A, carrying a charge of (Z + 1) proton 
units, to give a proton and the conjugate base B, which carries a charge Z 
{Z may be either positive, zero or negative). Then if 7C is the dissociation 
constant for the reaction we may write, following the discussion in Chap- 
ters 3 and 4, 

pH-pK = log^ + log^ (26) 

Ca Ta 


where the denote concentrations and the 7 ^s activity coefficients of A 
and B. If now we assume that A and B are spheres and that the net 
charge of each is distributed uniformly over its surface, we may write, 
employing equation 183 of Chapter 3: * » 

€\2Z -f 1) K 


log 15 = 


7A i.mDRT (1 + Ka) 


(27) 


Here a is the “collision diameter” of the protein and the surrounding ions 
and is slightly greater than the radius, h, of the spherical protein mole- 
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Here is the collision diameter in A. At very low ionic strengths, the 
denominator of the term on the right in equation 28 becomes equal to 
unity, and under these conditions the change in pH with ionic strength, 
when the ratio of concentrations of acid and conjugate base is held con- 
stant, would become 

Thus if the net charge on the base B is zero or positive, pH increases with 
increasing ionic strength; if the charge is negative, however, pH decreases. 
This conclusion is in conformity with the data of Tables 7 and 8, and with 
all other studies on prPteins yet made. Equation 29 further indicates that 
the change of pH with change in ionic strength should be greater the 
greater the net charge on the protein. This is again qualitatively in accord 
with the facts, but the change of pH in solutions far from the isoelectric 
point is generally much less than would be predicted from a direct applica- 
tion of equation 29. 

The actual dissociation of a pol 3 rvalent acid or ampholyte may be formu- 
lated more precisely, employing a treatment first developed for proteins 
by Liaderstr0m-Lang^® and further developed by Cannan, Kibrick and 
Palmer’’*. It may be regarded as a special case of the general treatment 
given in Chapter 12, equations 37-55 inclusive. 

Consider a systpm of spherical protein molecules, of radius b, each mole- 
cule containing m carboxyl groups, and n cationic acid groups, the latter 
being presumably histidyl, arginyl and lysyl residues. Consider first only 
the pH region in which all the cationic acid groups carry positive charges. 
Variations in the net charge on the spherical protein molecule, in this pH 
range, are thus due only to variations in the number of ionized carboxyl 
groups. This zone extends from pH 1.5 or 2 nearly to pH 6. In strongly 
acid solution, the net charge, expressed in proton units, is +n. If suffi- 
cient base has been added to remove h protons per molecule from the m 
carboxyl groups, then the net charge, Z,isn- h. 

We shall now again make the much oversimplified assumption that the 
charge Z is spread uniformly over the surface of the spherical protein 
molecule. There is some empirical justification for this assumption, be- 
cause it leads to results which correspond, to a first approximation, to the 

observed data. Probably this is because there is a set of ■; — 

(m - h)\hl 

microscopically different kinds of molecules corresponding to each value 
of h, as we have already seen (p. 451). Each individual molecule in the 
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definite points on or near its surface, and is not at all like a uniformly 
charged sP^ere. The average behavior of the entire set, however, is likely 
to obliterate these individual differences, and may well correspond much 
more closely to the behavior of a uniformly charged sphere than does that 
of any mdividual in the set. 

We shall make the further assumption that the intrinsic dissociation 
tendency of each of the m carboxyl groups is the same. The probability 
that a given carboxyl group, at a given pH, has lost a proton, is modified by 
changes in the electrical potential in its neighborhood. This potential is 
determined by the net charge on the protein, the dielectric constant and 
the ionic strength. ’ 

At a given ionic strength in a solvent of dielectric constant D, the elec- 
trical free energy of a uniformly charged sphere of radius b, with net charge 
(n - h)€ = Zt is, from Chapter 3, equation 130 (neglecting the smallAr 
terms) : 


= 




2D 


\6 1 •+• mj 


(30) 


Phe logarithm of the activity coefficient of an ion of this net charge is 


In 7 ft 


(FX 

■ kT 


(rt - hf 
2DkT 


1 4 “ hclJ 


(n - Kfw 


(31) 


or 


The parameter 


Jh = 


^(n~A)2«, 


W 


-A A _ 

2DkT \5 I + KaJ 


(32) 

(33) 


is equal to the potential at the surface of. the charged sphere (Chapter 3, 
equation 120) multiplied by the factor €/{n - h)2kT. In a medium of 
infinite dielectric constant, or for a sphere of infinite radius, w would 
become zero. For a sphere of given radius 6, w is largest at “zero ionic 
strength, and decreases as the ionic strength increases. For proteins, in 
which the value of the radius h is 20 A or more, the value of w, even at 
zero ionic strength, can never be greater than 0.17, and it is much less 
than this for higher values of b and k. The definition of In jh (equation 31) 
involves the choice of the standard state as a medium of infinite dielectric 
constant. This choice is the most convenient in practice for the following 
discussion. 


✓^4 


* t 


* 
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ions of the class Ai (A = 1); we shall denote it as Au. The dissociation 
constant is, denoting concentrations by symbols in brackets: 


or, from 31 and 32, 


ki 


A:„ = = 

[Ao] 70 70 

(34) 

n^w 

i. 'y® _ I. ® _ fc- 

/Coo /Ceo — /boot? 

7i r ^ 

(35) 


Consider the dissociation of a specified carboxyl group in a particular 
molecule which has already lost h — 1 carboxyl protons. Denote this 
molecule as A(a_mi, and the conjugate base as Am- The dissociation con- 
stant is 


= (H+) 


[Am] jh _ j> 
[A(A-1)i] 7A-1 ^TA-l 


(36) 


Here — ^that is, the dissociation constant in a medium of infinite dielec- 
tric constant — ^is the same as in equation 34, since by our hypothesis the 
intrinsic dissociation tendency of all the groups is the same. 

(n— A+1) 


k'n = k. 

Jh 


An—h) 


ifcoO 6 


,(2n-2/i+l)to 


kxe 


(2-2A)tn 


(37) 


The 


m\ 


different kinds of molecules of the class with net charge 


h\{m - h)l 

2 « n - A are all present in equal numbers, since all have the same activity 
coefficient by equation 32. Hence, denoting by (Aa) the total concentra- 
tion of molecules of net charge n ~ A, we find: 


■ Al(m - 

(A * 1, 2, 3 • • • n). Thus we may formulate dissociation constants de- 
noted by corresponding to the already defined in equation 6a. 

= (H+) “ mk[ = (39) 

• ■ (Aoj 

K; - (H+) = ^LZ^L±i jfc' = ^ - j + j- (40) 

(Aa-i) n h 

The total base bound per mole of protein, taking the point of maximum acid 
binding as the zero of reference, is given by equation 6, replacing the L’s 
in that equation by the corresponding K’s deWd in 5a. 

Ki 2KtK', , mK'iKi ■■■ kL 

/TT-J-\ /TTa.\0 + ‘ ’ *T /TT-l-\«. 
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and the K’s are defined by 39 and 40. Thus ^ is a function of k„, (H+), 
m and w. The carboxyl group titration curves Qi - pH curves) "defined 
by 41 are qualitatively similar to the curves already defined by equation 8. 
The interaction between the groups, determined by the factor w, spreads 
the curve over a wider pH zone. Like the curves defined by 8, however, 
the curves defined by 41 are symnietrical about their mid-point, if H is 
plotted against pH. Near the mid-point, the curve is approximately a 
straight line; and if n is large, the molal buffer value in this region was 
found by Linderstrpm-Lang^^ to be 


dl _ _dZ _ 2.303m 

dpH dpH 2{'wm -t- 2) 


(42) 


Thus if the slope of the titration curve at the mid-point, and the number, 
m, of carboxyl groups is known, the value of w can be determined. Values 
of w obtained for egg albumin from the titration curves at various ionic 
strengths are listed in Table 7 in the row headed Wexp.. Here m = 51, 
assuming a molecular weight of 45,000. These values have been compared 
with values calculated from equation 33, taking D as the dielectric con- 
stant of water, and 6 as 27.5 A, the value obtained from the assumed 
molecular weight and the partial specific volume of egg albumin. Two 
values for a in equation 33 were considered: (1) a = b = 27.5; (2) a = 
b 4- 2 =» 29.5 A. The value 2 A was taken as the mean radius of the K'*’ 
and Cr ions. The values of w corresponding to these two choices of a are 
listed in Table 7 as Wi and Wa respectively. Neither is identical with 
Wexp., but the ratio w^p./Wi is consistently 0.81 ± 0.01 for all values of 
1/2 below 0.7. For /3-lactoglobulin (Table 8) the values of Wpxp. and vh 
are almost identical. B’rom the analysis of the titration curve of lacto- 
globulin the value of m was taken to be 58 carboxyl groups per mole, and 
the radius b was calculated from the diffusion constant* as 29.1A. Equa- 
tion 40 may be written in logarithmic form as 


PKa 


pk„ - log 


m - h + 1 


(2n — 2h + l)u; 
2:303 


(43) 


In actual calculations Cdnnan, Kibrick and Palmer set w = Wpxp. = 0.8% 
for egg albumin, and Wpxp. = Wi for j8-lactoglobulin. 

It is interesting to note the influence of the fixed positive charge, n, 
on th<! pKl values. If n' of these positive charges are removed— as, for 
instance, by dt^amination of the «-ammonium groups of lysine, without 
otherwise; altering the protein — then the entire carboxyl portion of the 
titration curve should be displaced along the pH axis by 2n'w/220^ pH 
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Since the ^ - pH curves, for the carboxyl groups, are symmetrical about 
their mid-points, the pH of the mid-point of the carboxyl titration is equal 
to pKm+i. It follows from 43 that 

= ( 44 , 

Employing this equation and the data of Table 7, consistent values of pk^ 
(carboxyl) = 4.30 ± 0.04 were found for egg albumin^^ for all ionic strengths 
from 0.0085 to 2.38. Equally consistent results were obtained for /3-lacto- 
globulin^®, but was found to be 4.6. No structural basis is known for 
this difference of 0.3 pH units between the values for the two proteins. 

The computation of the titration curves from equation 41 is an extremely 
long and tedious process. Fortunately a simple relation has been found 
which permits the computation of the actual curves, corresponding to any 
given value of to a very good approximation. When = 0, the curve 
obtained is identical with that of m equivalents of a univalent acid for 
which pK = pk^ (see equations 1 and 8). When a set of curves corre- 
sponding with various positive values of w are compared with a curve 
defined by 8, it is found that the former are displaced from the latter 
on the pH-axis by an amount approximately equal to O.S68w2 « 
0M8w(n - That this should be true in the central linear portion 

of the curve is implicit in equation 42. In practice the same relation is 
found to apply with relatively high precision over the whole course of a 
series of curves corresponding to a range of values of w much wider than 
those expected to apply to proteins. This leads to the following approxi- 
mate dissociation equation for a set of m ionizing groups which all have 
the same intrinsic dissociation constant. 

pH * pk„ - 0M8w(n - am) - log [(1 - a)/a] (44a) 

Here a represents the fraction of all the groups of this class which have 
lost protons, that is, a ^ Hfm. At the mid-point of the curve (pHiaid.) 
a = 0.6. Consequently 

pH =« pH„,id. - 0.868'iym(o' - 0.5) - log [(1 - a)/a] (44b) 

These equations are found to reproduce the curves more precisely defined 
by equation 41, very closely indeed. The curves given by equations 44 
never deviate from those calculated from 41 by more than 0.1 equivalent 
per mole of polyvalent acid.^^" It is doubtful whether the titration curve of 
protein has ever been reproduced as accurately as this. 
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or the e-ammonium groups of lysW*. Practically the samA values for w 
were found in egg albumin from the analysis of the slope of the titration 
curve near pH 11, with 23 ammonium groups involved, as from the analy- 
sis of the carboxyl titration near pH 4; pk„ for, the ammonium groups was 
found to be 10.07, and for the imidazolium groups &.7^. In )3-lacto- 
globulin, the corresponding value was 6.8, employing the value of w used 
in describing the carboxyl titration. The mid-points and slopes of the 
amino titration, on the other hand, corresponded to much smaller 
values of w. 

The theory outlined here is open to criticism on at least three grounds: 
(1) The distribution of charge on the protein ions is certainly not uniform 
—the charges are discrete, and distributed according to some pattern. 
This point has already been discussed. (2) Proteins are in general not 
spherical,* although many may be nearly so. (3) The carboxyl groups 
are of at least two kinds, aspartyl and glutamyl residues; hence there are 
at least two different values of pk„ (carboxyl), and not one as the theory 
assumes. The two pk„ values, however, should not differ by more than 
a few tenth.s of a pH unit. It is difficult to estimate how seriously this 
factor should affect the calculated curves. 

In view of the extreme simplification involved, it is remarkable that 
the theory fits the facts as well as it does. It is necessarily a first approxi- 
mation, due to be superseded in time by a more adequate picture of the 
actual situation. It is apparent, however, that even the simple theory 
servas to interpret successfully a large body of complex experimental facts. , 

The Titration Curves of Certain Important Proteins 

Having coasidered certain general principles underlying the interpreta- 
tion of protein titration curves, we may now turn to the detailed analysis 
of the titration curves of certain individual proteins. The first published 
titration curve of a protein was apparently given by D’Agostino and 
Quagliariello''^, who studied serum albumin in 1912. Their data were ob- 
tained only over a restricted pH range, but they attempted to estimate the 
dissociation cormtante of the groups in the protein from the slope of the 
titration curve. Thejr results, which were confirmed and extended by 
later investigators, marked the development of a new phase in the study 
of the physical chemistry of proteins. Since that time a vast body of data 
has accumulateil, d^cribing the titration curves of protems and their com- 
bining capacity with acids and bases. In 1925 Cohn gave a compre- 
hensive discussion of the data, then available, and eight years later Pauli 

. rvtf K fi In wbif-.Vi t,li0 diBsociation of carbox.vl and imida- 
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and Valk6^® gave a very thorough survey of the available data. In the 
following discussion we shall restrict ourselves to a limited group of pro- 
teins. Some of these are chosen for discussion because the proteins them- 
selves are very well cha^racterized chemical individuals — ^for instance, 
hemoglobin, cytochrome C, egg albumin, /?-lactoglobulin, and serum al- 
bumin. Others, like gelatin and wool keratin, are not well defined chemical 
individuals but are discussed because of the general significance of some of 
the experiments which have been carried out upon them. 

Hemoglobin. Among well known proteins, probably the hemoglobin 
of the horse has been studied in more different ways than any other. 
First of all, we may consider the titration curve of horse CO-hemoglobin, 
as determined by Cohn, Green and Blanchard^®, between pH 1 and 13. 
This is represented graphically in Fig. 1. The curve in Fig. 1 is con- 
structed as though hemoglobin gave up 261 X lO""^ mole of hydrogen ions 
per gram of protein between pH 1.5 and 13. The maximum combining 
capacity with base is given in Table 9. 


Tabi.e 9. Acid and ‘Base Combining Capacity op Hemoglobins 


Protein 

Ox oxyhemoglobin (1) 

Horse carboxy hemoglobin ( 2 ) 

(3) 

(4) 


Acid 

combining 
capacity 
moles X 10® 
per gm 
protein 

145 

159 

148 


Base 

combining 
capacity 
moles X 10*^ 
per gm 
protein 


105 

124.5 

113 


Total 
combining 
capacity 
moles X 10® 
per gm 
protein 


283.5 

261. 


(1) Lewis, P. S., Biochem. J,. 21, 46 (1927). 

(2) Stone, G. C, H., and Failey, C. B\, J, Phya. Chem.. 37 , 936 (1933). 

(3) Pauli, W. and Schwarzacher, W, in P.auU and Valko, ” Kolloidchemie der Eiweiaskd'r'p^" Theodor Stein- 

kopff, Leipzig, 1933. 

(4) Cohn, E. J., Green, A. A., and Blanchard, M. H., JT. A.m. Chem. Soe,, 59, 609 (1937). 


Maximum Acid and Base Combining Capacity. Several studies of the 
combination of hemoglobin with acid and base have been reported. One 
of these is the titration with the quinhydrone electrode by Lewis®^ of the 
carboxyhemoglobin of the ox with sulfuric acid in the presence of am- 
monium sulfate. His results yield an acid combining capacity of 145 X 10~‘ 
equivalent per gram of hemoglobin. Pauli and Schwarzacher®^ report that 
hemoglobin combines 159 X 10“® mole hydrochloric acid per gram and 
124.5 X 10~® mole lithium hydroxide per gram. The results of Stone and 
Failey®®, based on solubility measurements on thallous chloride in alkaline 
hemoglobin solutions, yield a base combining capacity of slightly over 

Pauli, W. P., and Valk6, E., *‘Kolloidchemieder EitveiaskOrpcr” Dresden and Leipzig, Theodor Stoinkopff 
(1933), pp. 31-88 inclusive. 
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100 X 10 ^ mole per gram calculated on the basis of the activity coefficient 
of thallous chloride and the value of 14 for pK^,. 

Cohn, Green and Blanchard obtain a maximum acid combining ca- 
pacity of 148 X 10“® mole per gram on horse CO-hemoglobin, in close agree- 
ment v/ith the results obtained by Lewis on ok hemoglobin and only 
slightly below the values of Pauli and Schwarzachei'. The agreement 
between the various authors may therefore be regarded as satisfactory. 

All these values are appreciably higher than the estimates for the total 
histidine, arginine and lysine content as given by Vickery®*, the latter 
amounting to 125.3 X 10~® mole per gram of hemoglobin. The analytical 
data are all based on the amounts actually isolated and some of them may 
therefore be low. The agreement between the analytical and titration 
data here is by no means satisfactory. For globin, after removal of the 
prosthetic heme groups, Cohn, Salter and Ferry®® found a lower acid binding 
capacity of 138 x 10"® mole per gram, a value somewhat closer to the 
analytical figures for hemoglobin. 

The value for the maximum base binding by hemoglobin is a more un- 
certain quantity for reasons indicated earlier in this chapter. Cohn, Green 
and Blanchard"’ estimated this quantity as of the order of magnitude of 
113 X lO'^niole per gram of hemoglobin, but the scatter of the individual 
points alkaline, to pH 12 is great, and it is uncertain whether all of the 
guanidino group.s of arginine were titrated at this pH. The relation be- 
tween the analytical data for hemoglobin and acid and base combining 
capacity is not as satisfactory as for some of the other proteins discussed in 
this chapter. Howevtsr, the relation between the titration constant and 
the structure of the diasociating groups has been carried out in detail by 
several quite different mcithods, which give results in excellent accord. 

The Titration Constants of Hemoglobin. The whole titration curve 
given in Fig. 1 is rtiadily divisible into at least three clearly distinct regions, 
one extending from saturation with acid roughly to pH 5, the second from 
pH 5 to 9 and th(j third from pH 9 to the most alkaline reactions studied. 
If thi.s curve is analyzed on the basis of the smallest possible number of 
titration con.stantH, the results obtained may be described as follows. 
Taking the rriohicular weight of hemoglobin as 67,000, each free reactive 
group combiruOT with 1 .5 X 10 mole of acid or base per gram. In Table 10 
the titration constants used in describing the data of the titration curve 
are listed along with the number qf groups assigned to each titration con- 
stant. This probabh; nature of these groups is also indicated. 

Gompari.son of these assignments with the available analytical data 
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87 per molecule as deduced from the titration curve, is more than three 
times as great as the number accounted for by the analysis of Chibnall 
and Bailey, as given by Vickery^\ They report 45 residues of aspartic 
acid and 29 of glutamic acid per mole. From these must be subtracted 48 
residues of amide nitrogen per mole which presumably bind an equal number 
of dicarboxylic acid residues in the protein molecule. This leaves only 26 
free carboxyl groups per molecule of hemoglobin on the basis of analytical 
data. It is obvious that there is a very large discrepancy here. It will be 
seen later that the same is true of other proteins such as gelatin and egg 
albumin.* On the other hand, the number of residues with titration con- 
stants at pK 5.7 and 7.5 is found to be 33, and this is identical with the 
value deduced from the histidine determinations of Vickery and Leaven- 
worth. Comparison of the most alkaline pK values at 10.8 and 11.6 with 
the analytical data is more difficult. The best available analyses indicate 
the presence of 37 lysine residues, 14 arginine residues and 12 tyrosine 
residues per molecule of hemoglobin — a total of 63. Fifty-four residues 

Table 10 . The Titeation Constants of Hoese CO-Hemoglobin in the Absence 

OP Added Salt 

pKi' pKa' pKa' PK4' pK«' pKg^ pKy' 

3.7 4.0 4.8 5.7 7.5 10.8 11.6 

Number of groups of each constant dissociating 
83 4 13 _ 20 40 14 

Carboxyl groups Histidine Lysine and arginine or tyrosine 

per mole are accounted for in this range on the basis of the titration curve. 
It is practically certain that some at least of the guanidine residues in 
arginine are not titrated even at the most alkaline reactions reached. 
Cohn, Green and Blanchard conclude that “The titration curve does not 
reveal a sufficient number of dissociable groups in the range alkaline to 
pH 9 to account for arginine, lysine and tyrosine, but enough to account 
for lysine and either tyrosine or arginine.” 

The titration constants given in Table 10 are for hemoglobin in the 
absence of added salt. In one molal sodium chloride the titration con- 
stants are markedly different. The curves are rotated around the iso- 
electric point in the manner already described for egg albumin and lacto- 
globulin. At points acid to the isoelectric point, the curve is displaced to 
more alkaline reactions by the' addition of salt, while the reverse is true 
alkaline to the isoelectric point. The titration curve in the presence of IM 
sodium chloride (Fig. 1) is constructed using the values of 5.2, 6.1, 7.1, 
10.4 and 11.2 for pKj, pKi, pKs, pKe and pK^, respectively; pKs and 
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The form of the titration curve at reactions acid to pH 4 as shown i„ 
Fig 1 must bo regarded as an artifact. In this pH ranS^ae .dt.” S 
acid IS breaking down the combination between heme and globin therehv 
altering the titration constants of some of the groups studied, and perhans 
simultaneously releasing some new titratable groups ThereforV + •! 
found that the back titration with alkali of a solution of hemoglobb 
already saturated with acid gives a quite different curve in this ranee the 
form of the curve being much flatter than that indicated in Fig i T^re 
fore the titration constants ascribed to the carboxyl groups in Table 10 
are not to be taken as indicative of the actual dissociation constants of 
these groups in the hemoglobin molecule. This limitation, however does 





Figure 2, Apparent heat of dissociation of oxyhemoglobin as a function of pH 
“ values for the .-(>-27.7 interv^j O •= values for the 6,6-26“ interval, 
irom Wyman, J., Jr., /. Ihol. Chem., 127, 1 (1939). 


not invalidate the calculation in Table 10 oJ the number of carboxyl groups 
involved in the titration curve of hemoglobin nor of the total limiting 
value of the maximum acid combining capacity. 

Heat of Ionization of tiie Acid and Basic Groups in Hemoglobin. 
Wyman” has det«;rmined the heat of ionization of the acidic groups in the 
horse oxyhemoglobin molecule with pK values between 4 and 10 by 
titrating the hemoglobin at temperatures of 6.5“, 25° and 37.5°. A quan- 
tity which may be called tho apparent heat of dissociation, Q', may be 
calculated from .such curv©) by analogy with the case of a weak monobasic 
acid, employing the equation: 


rt ‘r\m% 
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In this equation, R denotes the gas constant, T the absolute 'temperature 
and B the total amount of base present in the system per mole of hemo- 
globin, When Q' is plotted against pH, the curve shown in Fig. 2 was 
obtained by Wyman. This curve shows three horizontal zones, one acid 
to pH 5, one extending approximately from pH 6 to pH 8 and one extending 
from pH 9 to more alkaline reactions. Within any one of these flat 
regions, the ordinate Q' on the curve indicates the apparent heat of disso- 
ciation of the groups ionizing in that pH range. The groups of Class I, 
those ionizing below pH 4.5, have an apparent heat of dissociation of 
-2000 or -3000 calories. This value is within the range characteristic 
of the heatiof ionization of carboxyl groups. Groups in Class II, ionizing 
between pH 6 and 8, have an average apparent heat of dissociation of about 
+6200 calories. This value is entirely consistent with that found as 
characteristic of the imidazole nucleus in histidine and its peptides; 
Groups in Class III, ionizing at pH alkaline to 9.5, have an average appar- 
ent heat of dissociation of +11,500 calories. This figure is within the 
range characteristic of the eammonium groups of lysine, but is much 
higher than the value of about +6000 characteristic of the phenolic group 
of tyrosine. 

There are two transition zones between these three horizontal regions 
of the curve, one zone centering about pH 5.5, the other about pH 8.5. 
The analysis of the transition from the ionization of a group of one type 
to that of another type involves a more complex theoretical treatment; 
fully given in Wyman^s original communication. This beautiful thermal 
analysis of the titration curve of hemoglobin carried through by Wyman 
leads unequivocally to conclusions regarding the nature of the ionizing 
groups which are completely in accord with the interpretation of Fig. 1 
as given by Cohn, Green and Blanchard. 

The Heme-Linked Acid Groups of Hemoglobin. The distinctive proper- 
ties of hemoglobin are due to, the combination of globin with the attached 
prosthetic group, the iron porphyrin complex, heme. Each of the four 
heme groups in the hemoglobin molecule contributes two carboxyl groups 
to the acid groups of hemoglobin. Moreover, at least one amino acid 
residue of globin is directly linked to the iron atom of each heme; and at 
least one other such residue is very close to the iron, although in oxy oi* 
CO-hemoglobin, not directly linked to it. Recent advances in the chem- 
istry of hemoglobin have provided a fairly definite picture of the structure 
binding heme to. globin^^ The configuration of groups around the iron 
atom is similar to that in the ferrocyanide ion, Fe(CN)6^, in which the 

• - 1 - J1 1 . ♦ /^"VT .1 ♦TT^ ✓-.I t ... . *• 
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Here the four pyrrole nitrogen atoms (NiN2N3N4) of the porphyrin 
nucleus lio, surrounding the iron atom in the plane of the paper; they form 
a square with tlic iron at its center. The other two groups are situated 
directly above and below the iron atom. The group binding the iron to 
the gloliin i.s denoted as Im, since much evidence, discussed further below, 
indicates that it is an imidazole residue of histidine. 

The formula of OO-luunoglobin is similar to that of oxyhemoglobin, the 
bonds holding tin; iron atom to the six surrounding groups being covalent 
in both cases. The latter point was demonstrated by Pauling and 
Coryelf who .showed that these molecules are diamagnetic’^. They made 
the surprising di-scovery, however, that ferrohemoglobin (reduced hemo- 
globin)^" is inarkfidly paramagnetic, the magnetic moment found corre- 
sponding to four unimirtal olectrona per heme. This indicates that the 
bonds holding tht; iron atom to the surrounding groups are essentially 
ionic: th(;y may be representcal by the formula 

Im 


Ni*. :N4 

Fe++ 

Nj: :N3 


X 


The dots repccsfuit lUtHhartvI ekictrons. The group X is a sixth group, 
wh()w proHcnce was inh-rred by Conant” on various grounds. In oxy- 
hemoghdan, f ‘onant asHUined that A*^ remains close to the iron atom but is 
prevented by the attached oxygen from bonding with it directly. The 
titratirm data, dihcUKHed below, suggast that X is a second histidine imida- 
zole group, 'i'he iutrorUietion of the oxygen atom in the sixth coordination 
priHition arouml the imn atom, and the radical change in bond type asso- 
ciated with this process give rme to important changes in the acidity of 


the groups Im anil wX. , . , • i 

It has long biim known that under physiological 


conditions oxyherao- 
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globin is a stronger acid than ferrohemoglobin, and conversely pH has a 
profound influence on the aflinity of hemoglobin for oxygen^\ Recently 
German and Wyman^^ reinvestigated this problem using the glass elec- 
trode for their titrations. Their results, like those of earlier workers, 
revealed that between the pH values of 6.1 and 9.0 more base was bound 
at a given pH by oxyhemoglobin than by hemoglobin. They also observed 
an effect not previously recognized, namely, that between pH 4.5 and 6.1 
(the ^^acid loop^^ of the curve) oxyhemoglobin binds less base than hemo- 
globin. Above pH 9 and below pH 4.5, on the other hand, no observable 
difference was found between the two forms. German and Wyman con- 



From German, B., and Wyman, J., Jr., J. Biol, Chem., 117, 533 (1937). 


eluded, therefore, that “in the alkaline loop the effect of oxygenation is to 
increase the acid dissociation constants of one or more oxylabile groups, 
while in the acid loop, on the other hand, its effect is to diminish them. 
This implies that at reactions between 4.5 and 6.1 the familiar Bohr effect 
of the alkaline range (according to which oxygen aflSinity increases with 
pH) should be reversed. Actually, Ferry and Green"^^ - found that this 
effect is reversed below a pH of about 6.5'' (42, p. 540). 

The difference in the amount of base bound at a given pH between oxy- 
and ferrohemoglobin is plotted as a function- of pH in Fig. 3. 

« TfiP TnnQf. Riirvpv nf this nn t.n lQ9.fi ?« trlvpn in fliA nf T. T TT«nrl«ronn 
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The effect of ionie strength on the difference between the two form, et 
hemoglobin at a given pH was found to be extremely small “ 

Kecently, Wyman^^ has given a more searehing iXS of fh- n 
nomenon by stiulying the difference in the titration curves of oxy- and 
ferrohemoglobin at three dilTercnt temperatures 7° 25° and 38° 
the changes in the titration curves with change h teWemture he deS 
the variation m file heat of oxygenation of hemoglobin with pH throrl 
out the entire pH range from 3 to 11. "The results can be accountedfor 
on the basis ot the dissociation of hydrogen ion which accompanies oxveenr 
tion if we aasume a heat of dissociation of 6600 calories per equivalent' 
This is the heat of di.ssociation characteristic of the imidazole groun of 
histidine, and indicates that it is groups of this kind which dissociated a 
result of oxygenation of the hemoglobin molecule.” . . . "The heat is th 
same for each .stage of the oxygenation process, as is the shift in the amount 
of base boiiml at eomstant pH. A further analysis based on the shift in 
the amount of liaw* bound at 25° indicates that each molecule of hemo 
globin contains four identical heme-histidine complexes, in which two histi 
dine units interact with lamh heme, the energy pf interaction amounting to 
680 calorics for one and to 1380 calorics for the other" (reference 44, p. 598) 
At 26" the pK' valuc.s of the two histidines are 5.25 and 7.81 in ferro^ 
hemoglobin; the corresponding values in oxyhemoglobin are 5.76 and 6 80 
Tlie acitlif y of the former group is decreased, that of the latter increased’ 
by oxygenation. 'I'lic group with the higher pK value shows the greater 
interaction energy with iron and oxygen; presumably it corresponds to Im 
in the formula given above; the other group would then correspond to X. 

Similar herm‘-link(>d acid groups may ho discerned in ferrihemoglobin 
(meth<*moglobin). 'layldr ami Hastings" showed that “upon the oxida- 
tion of hemfigloldn to methemoglohin, for each electron transferred there 
appears a uaivalent. cation eornisponding to an apparent acidic dissociation 
constant, fK? of 2.2 y It) ' fpK » 6.66)” (45, p. 661). The existence of 
another sueli acid group in ferrihemoglohin, with pK = 5.26, was inferred 
by Ooryeli and Pauling^'' from titration curves, oxidation reduction poten- 
tials, and magnetic Misceptibility measurements; they concluded that these 
two pK vaim's (6.26 and {i.fw} (!orre.spomied to the two heme-linked imida- 
zole groups. In atlrlilirm, however, ferrihemoglobin shows a third heme- 
linked acid group not found in (),xy- or ferrohemoglobin. This group is 
clearly nsvealirrl by a pronoumsel change in absorption spectrum with pH, 
occurring chiefly in the pH i-egion In'tween 7 and 9. The equilibrium 
between the two forms was .studied spectrophotometrically by Haurowitz, 
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and by Austin and Drabkin*^. Their results could be described in ternos 
of the reaction: 

Hb*^ + HbOH'' 

Austin and Drabkin evaluated the pK for this reaction (i.e., the pH at 
which [Hb"^] = [HbOH]) as 8.12 at ionic strength 0.10, for dog hemoglobin, 
while the earlier work of Haurowitz shows the existence of a group in horse 
ferrihemoglobin, with pK 8.2. Coryell,. Stitt and Pauling^^ studied the 
same group in bovine hemoglobin by measuring magnetic susceptibility. 
Hb"^, like Hb, is strongly paramagnetic, its magnetic moment indicating 
the presence of five unpaired electrons per heme (ionic bonds between iron 
and the surrounding atoms). HbOH is much less strongly paramagnetic 
(probably three unpaired electrons) . Determinations of magnetic suscepti- 
bility as a function of pH gave pK' = 8.15 at ionic strength 0.2, and 8.56 
at ionic strength 1.3. Recently Wyman and Ingalls^^^ have determined 
this pK' as 8.05 for horse ferrihemoglobin, by means of a differential 
electrometric titration of ferri- and oxyhemoglobin. 

This acid group is either the Fe atom itself or a water molecule directly 
bonded to it^®’ In the former case, Fe acts as an acid in that it binds 
the base, hydroxyl ion, although it is not a proton donor. In the latter 
case, the attached water molecule would act as a proton donor 

Hb+(OH2) -f OH~* ^ HbOH + H 2 O 

Magnetic studies on ferrihemoglobin hydroxide, HbOH, ferrihemoglobin 
fluoride, Hb'^'F”, and other ferrihemoglobin compounds with cyanide, 
hydrosulfide, azide, and other compounds have been carried out by Coryell, 
Stitt and Pauling^® and Coryell and Stitt®^; and Ccjryell and Pauling'^® have 
given an ingenious structural interpretation of the pK values of the heme- 
linked acid groups in /erro-, ferri- and oxyhemoglobin^^. Michaelis and 
Granick®^ have shown that the magnetic moment of catalase is very similar 
to that of HbOH. 

Cytochrome C. Another heme-protein, which in contrast to hemoglobin 
contains only one heme group per molecule, is cytochrome C. Its proper- 
ties are in many respects very different from those of hemoglobin. It does 
not combine reversibly with oxygen at any pH; the f err 0 form combines 
with CO, but only at strongly acid or alkaline reactions. The iron, how- 


Austin, J. H., and Drabkin, D. L-, J, Biol. Chem., U2, 67 (1936); Haurowit?;, F., Z. Physiol, CAem,, 138* 
08 (1924). 

Here Hb"** delates the i:... -f - /. containing one iron atom (the whole 

molecule being (Hb^) 4 );ferr ■ . . . ■! .-lectron per heme). 

J® Coryell. C.D., Stitt, F. ! ;■ ' ^ ■ --9, 833 (1937). 

Wyman, J,, Jr,, and In,- - 'i ' ' ' i.v-. " Jl), 

Coryell, D., and Stit- ; ■* ' ■ ■■ > ■ 

52 rru^ i..— -r ii... i 
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ever, is readily oxidized from the ferro to the Jerri state; in the living cell 
the oxidation of cytochrome a, b, and c is generally brought about by 
another heme-protein, cytochrome oxidase^. Cytochrome C is one of the 
smallest of all well-characterized proteins. After the final electrophoretic 
purification a uniform product is obtained, containing 0.43% iron and 
1.48% sulfur. The molecular weight, assuming one Fe and six S atoms 
per molecule, is 13,000“. The heme is bound to the protein by bonds 
between heme iron and amino acid nitrogen, as in hemoglobin. Also 
apparently there are linkages between the two vinyl radicals, attached to 
pyrrole rings in the protoporphyrin residue of the heme, and cysteine 
residues of the protein 




V 


-h HSCH 2 CH.NH.COR' 
CO.NH.R" 


Pyrrole 


cysteinyl residue 


CH, 


V 


-CH— S . CHj . CH.NHCOR' 
io.NH.R" 


There should be two such links in the cytochronae molecule^®. Because of 
these linkages, it is possible for both of the bonds between the protein and 
the heme iron to be broken without disrupting the heme. This appears to 
occur in strongly acid solution (pH < 1), as judged by spectrophotometric 
and magnetometric measurements^^ In neutral solution, however, the 
heme iron appears to be completely coordinated with the four surrounding 
pyrrole nitrogen atoms and two amino acid nitrogens. The latter, as in 
hemoglobin, appear to belong to imidazole residues of histidine. 

The amino acid composition of cytochrome 0 is radically different from 
that of hemoglobin. The analyses of Theorell and A-k^sson^^ indicate 
the presence of two arginyl, thrpe histidyl and approximately 22 lysyl 
residues per mole. The lysine content is the highest yeb reported for any 
protein. The amino nitrogen content of the unhydrolyzed protein is 31-32 
atoms amino-N per mole, much higher than the lysine content estimated 
by isolation procedures. 


8^ Warburg, O.. F.rgeb. Emuniforschumj, % 210 (1937); Keilin, D. and Hardee E.F., (Lon- 

171 flOS.S): Sforn. K. b., Ario. Rev. Biocheni,,% 1 ( 1940 ); Theorell, H., ibid., 9 , 663 (1940). 
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A similar discrepancy has been found in egg albumin, in which isolation 
procedures yield about 36 moles of lysine per 10® grams of protein, while 
the results of the formaldehyde titration and amino nitrogen determina- 
tions agree in giving a much higher figure, between 48 and 57 moles of amino 
nitrogen per 10® grams (exclusive of 2 or 3 groups per 10®, presumed to 
arise from a-amino nitrogen)®®, A discrepancy of the same order of magni- 
tude has recently been reported also in jS-lactoglobulin^^ It must be 
remembered, however, that amino nitrogen determinations, as ordinarily 
carried out, often give falsely high results for certain amino acids, notably 
glycine and cystine. Amino nitrogen determinations on proteins may be 
subject to similar errors, but the discrepancy found in cytochrome C is so 
large that it probably cannot be entirely explained on this basis. The, 
same applies to insulin, for which ChibnalF^ has found eighteen free amino 
groups per mole, in excess of the lysine €-amino nitrogen. 

The number of titratable carboxyl groups has not yet been very exactly 
fixed. Theorell and Akesson®^, however, determined the titration curve 
at both 0 and 20*^, and found Q' (equation 45) to be about -1000 cal/mole 
at pH values acid to 5.3, and to rise steeply and steadily at more alkaline 
reactions to a value of about -f 10,000 beyond pH 9. About eighteen 
carboxyl groups per mole are titrated between pH 5.2 and the most acid 
solutions measured. The number of these groups is far sma;ller than the 
number of basic amino acid residues, consequently the isoelectric point is 
very alkaline, being at pH 10.09 for/em-, and 10.17 for /crrocytochrome 
at 20°. 

Cytochrome C, in striking contrast to hemoglobin, contains very little 
histidine. Study of the titration curves at 0 and 20° indicated that only 
one histidyl residue, out of the three determined analytically, is titrated 
in the pH range 5.5-8.5. The other two histidines may be accounted for 
by considering the difference in the titration curves of ferri- and /crrocyto- 
chrome. In the pH range 8-10.6 two equivalents more are titrated in 
the former than in the latter. TheorelF^ has concluded that the data 
are best explained by assuming that the imino groups of the imidazole 
rings are titrated in this region, one with pK' 9.35, one with pK' 9.85. 
These are of course quite different from the pK' values commonly found 
for the imidazole nucleus, but the underlying process is also quite different. 
The free imidazolium ion (pK near 7) has a formula which may be derived 
from resonance between structures such as 

H 
N+ 

/ \ 


H 

N 
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There are two — NH groups, from either of which dissociation may take 
place. On the other hand, the imidazole rings bound to the iron atom in 
cytochrome have such resonating structures as 
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(Here again Ni, Ns, Ns, N4 denote the four pyrrole nitrogens of the por- 
phyrin, and Im denotes the second imidazole nucleus attached to the 
iron.) In this case there is only one acidic hydrogen attached to an 
imidazole nitrogen atom, and the conditions for dissociation are entirely 
different, from those in the free imidazolium- group. The pK' values of 
9.35 and 9.85 for the two imidazole groups attached to the iron appear 
very plausible in the light of the finding of Russell and Pauling™ that the 
covalent imidazole ferrihemoglobin complex has a pK' value of 9.5. They 
attribute this pK' value to the =NH group in the imidazole. 

The study of the dissociation constants of other heme proteins, such as 
myoglobin, catalase, peroxidase and cytochrome oxidase offers a rich field 
for future investigation. Also the study of simply :hemochromogens, 
formed by the union between heme and simple nitrogenous compounds, 
should yield illuminating results, which may serve to clarify our under- 
standing of the behavior of the heme proteins. 

Zein. The titration curve of zein is of particular interest because this 
substance is the only one of the prolamines whose titration curve has 
hitherto been studied in some detail. It is not feasible to carry out the 
titration in water, since zein at its isoelectric point and even in strongly 
acid solution is insoluble in this solvent. Cohn, Berggren and Hendry” 
reported an estimate of the maximum base combining capacity of zein in 
water but were unable to observe any combination with acids in this 
solvent. The latter observation, however, was due simply to the insolu- 
bility of the zein, since in alcohol-water mixtures its acid-combining ca- 
pacity was found to be measurable, although far lower than that of almost 
any other known protein. The figures in Table 11 show the acid- and 
base-combining capacity of the trivalent amino acids in zein. The titra- 
tion ciirvA of zoin in alcohol-water mixtures was reported by Cohn, Edsall 
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calculation of tHe bound and free acid were carried out in a manner exactly 
corresponding to that employed for aqueous solutions. The results as 
obtained between pH values of 3 and 9 in 80% ethanol are graphically 
reported in Fig. 4. 

Table 11. Acid and Base Combining Capacity op Tri valent 
Amino Acids of Zein 


Glutamic acid (a) 

moles per gram 
X 105 

.. 212.7 

Histidine (e) 

moles per gram 

xio* 

.. 6.3 

Aspartic acid (6) 

.. 13.6 

Arginine (f) 

.. 10.5 

Oxyglutamic acid (c) 

.. 15.3 

Lysine (g) 

0.0 

Dicarboxylic acids (a + 6 + c) 

.. 241.5 

Dibasic acids, B+ (e +/ + g). 

16.8 

Ammonia (d) 

Free dicarboxylic acids, A” 

.. 214.1 

Excess acid groups, A” - B+ 

.. 12.1 

(a -f 6 + c - 5) 

r 27.4 

Total free groups. A”* -f B+. . 

. 43.7 

Tyrosine 

.. 32.6 




'Vickery, H. B., Compt. rend. trav. lab. Carlsherg, 22, 619 (1938), has obtained 9.1 
moles of arginine, and 6.0 moles of histidine, per 10* gm zein, by very careful isolation 
procedures. These values are slightly lower than earlier values of Kossel and 
Kutscher, tabulated above. The data in this table are taken from Vickery’s paper. 



Figure 4. Titration curve of zein in 80 per cent alcohol. 

Blanchard, M. H,, /. Biol. Chem., 105, 319 


Two different zein preparations were studied which gave slightly different 
acid combining capacities. Preparation 0 combined with 17.8 X 10~‘mole 
jf acid per gram of zein, while the acid combining capacity of Preparation 
B was 21 .3 X 10~‘ mole per gram of zein. These values are only slightly in 
excess of the analytical determinations on the dihn.Rir» nmrla n o ct 
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extends from the most acid solutions studied to approximately pH 8. 
This portion of the titration curve can be accurately described in terms of 
two constants, pKi = 5.4 and pKa = 6.9. Beyond pH 8 there is a zone of 
small buffer value. Following this point there is a zone in which consider- 
able combination with alkali occurs. Measurements upon the different 
preparations did not agree satisfactorily in the alkaline range and Cohn, 
Edsall and Blanchard therefore did not report their results on this portion 
of the titration curve. 

An extensive investigation of the titration curve of zein and of iodozein 
was reported by Neuberger*’. He showed that the effect of temperature 



Acid Base 


Figure 5. Add and baee binding of zein and iodozein. 

From Neuberger, A., Biochem, 28, 1990 (1934). 

was in the direction to be expected from the nature of the groups ionizing 
in the various pH ranges. Solutions more acid than pH 5,5 showed very 
little change in pH between 26 and 45°. Between pH 5,5 and 7, the pH 
values were lower by 0,30-0435 units, while in alkaline , pH ranges the 
difference was much larger, about 1 pH unit. These differences are quite 
comparable to those found by Wyman for hemoglobin, allowing for the 
fact that the dissociation of carboxyl groups is shifted in alcohol-water 
mixtures to considerably larger pH values than those characteristic of 
aqueous solutions. 

Neuberger^s most interesting results, however, were obtained by a com- 
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titration curves is shown in Fig. 6. Acid to pH 7 there is little difference 
between the two curves, but between pH 8 and 13 they deviate profoundly, 
approaching one another again in strongly alkaline solutions. The steepest 
portion of the titration curve in Fig. 5 is shifted by about 3.5 pH units to 
the acid side as compared to the curve of zein. This is very nearly equal 
to the difference between the pK values of the hydroxyl group in tyrosine 
and diiodotyrosine. Neuberger concluded both from the titration curve 
and from the iodine analysis of iodozein that iodine was introduced only 
into the benzene ring of tyrosine. While Neuberger^s evidence for zein 
appears to justify this conclusion, the results obtained on the treatment of 
other proteins with iodine have led to far more complex results^’ There 
is evidence that histidine can react with iodine to form a diiodo derivativis, 
and Philpot^ has concluded that still other groups in certain proteins of a 
nature as yet unknown can also react with iodine. Zein contains a very 
large amount of tyrosine and very little histidine; the reverse is true in the 
case of hemoglobin. In the light of these differences in composition, the 
radical difference in the effect of iodine on the titration curves of these 
two proteins might perhaps have been expected. While no simple inter- 
pretation of the study of hemoglobin can be offered at the present, and no 
general interpretation of the titration curves of iodinated proteins can 
therefore be made in accordance with any simple rule, the behavior of zein 
is readily interpretable in terms of formation of diiodotyrosine residues. 

The Titration Curve of Gelatin: Influence of Formaldehyde and of 
Alcohol. The titration curve of gelatin has been studied by a number of 
authors; notably, and with particular care, by Hitchcock®®. He deter- 
mined the maximum combining capacity for acid as 96 x 10’”® mole per 
gram of a standard gelatin preparation; the isoelectric point was 4.86. 
The curve is steep from the extreme acid region to about pH 6; between pH 
6 and 9, it is relatively flat. The total number of groups titratable be- 
tween pH 1 and 8 is 132 x 10”“® mole per gram; in the region between pH 9 
and 12, about 54 x 10“® more is titrated, but it is probable that maximum 
base binding has not been reached at pH 12. Different preparations of 
gelatin, studied by various investigators, show significant differences in 
acid and base binding capacity (reference 2, p. 383), This is not surprising 
in view of the drastic procedures commonly employed in preparing gelatin 
from collagen, and the variety of sources from which commercial gelatin 
is obtained. 

Further consideration of the titration curve of gelatin is desirable, how- 
ever, because of the variety of techniques employed by various investi- 
gators to elucidate the nature of the groups ionizing in various uH rantrAfl. 
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The effect of formaldehyde is notable (see Chapter 6) . Birch and Harris^ 
titrated gelatin in water and in 1% formaldehyde, and showed that the 
most acid part of the titration curve was practically unaffected by the 
formaldehyde, while alkaline to pH 5 the apparent pK values of the disso- 
ciating groups were shifted to more acid regions. These results were in 
accord with the re.sults obtained by these authors on amino acids and 
peptides. Recently the effect of formaldehyde on gelatin has been studied 



ta more detail by Liehtemtam"., in H. H. Weber's laboretory^ re- 
suits are shown in Fig. 6. The curves for water and for 1% HCHO are 
identical up to pH 6.6, and diverge widely at more alkaline reactions, it 
was inferred that the break at this point represents the ^ 

where carboxyl groups are being titrated, and the begmnmg of the titration 
of imidazole groups. Between pH 1.5 and 5.5, 96 x _ ^ ^ 

ot gcktin « titrated^ i .Z 
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lytical figures (Chapter 15) for free carboxyl groups in the dicarboxylic 
acids of gelatin account for only 42 x 10"® mole per gram of gelatin. The 
great discrepancy suggests that the isolation of dicarboxylic acids after 
hydrolysis, even in the most careful studies hitherto made, is still very far 
from complete. The same conclusion has already been reached in*the dis- 
cussion of hemoglobin®®. Fig. 6 also shows (solid points) th^ titration 
curve of gelatin in 80% alcohol (+0.02ilf KCl). The acid portions of the 
curve are displaced toward more alkaline reaction in this medium, Qis com- 
pared with water; tha alkaline portions of the curve are displaced toward 
more acid reactions. This is in harmony with the effects of alcohol in the 
titration curves of amino acids (Chapter 4). 

Effects of Deamination. In 1923 Hitchcock®® carefully deaminated 
gelatin at low temperatures, and found that the product of" deamination 
had lost 40 X 10“® equivalent of nitrogen per gram, as compared with the 
original gelatin. This figure corresponds closely to the lysine content as 
determined by analysis. After deamination the isoelectric point was 
shifted to pH 4.0, and the maximum acid binding capacity had diminishc^d 
from 89 to 44 X 10*“® mole acid per gram. The difference of 45 X lO"”® 
corresponds reasonably well with the loss of nitrogen as determined by 
analysis. 

Lichtenstein^s recent studies also include deaminized gelatin (Fig. 7). 
Hitchcock^s findings were confirmed and other significant results obtained. 
The number of groups titrated between pH 1 and 8 is identical, before and 
after deamination, within the limits of experimental error. The groups 
titrated between pH 8.5 and 12j on the other hand, are almost completely 
removed by deamination. This is the region in which the eamino groups 
of lysine would be expected to titrate. The effects of alcohol (Curve 2) 
on the titration curve of deaminized gelatin are entirely in accord with the 
assumption that the free lysine ammonium groups have been removed, 
leaving the other groups unaltered. (The anomalous curve 2a in Fig. 7 
was obtained in 80% alcohol, without added salt; curve 2 in the presence 
of 0.02Ar KCl. The peculiar form of curve 2a is probably due to liquid 
junction potentials varying markedly with pH; addition of low concen- 
trations of KCl eliminates the disturbance). 

Deamination appears to have little effect on the pH range in which the 
carboxyl groups of gelatin give up protons to base. The number of car- 
boxyl groups ionized at any pH acid to 8 (taking the region of maximum 
acid binding as the zero of reference) is nearly the same in Figs. 6 and 7. 

^ Birch and Harris (66) have shown a marked effect of formaldehyde in low’ concentrations on pKa of histi- 
dine; it may therefore be inferred that a similar effect on the pK of imidazole groups in proteins should be 

f/tiinH or>H Hoil-o T?: o t a . . ... . « 
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^ This indicates that the ^ammonium groups of lysine in gelatin are in 
^ general so far from the carboxyl groups that the removal of positive charge 
j from the lysines does not affect the COOH dissociation significantly’^. 
This is not what would be expected from the application of equation 43 
or 44, from which a considerable increase of the carboxyl pK values after 
de^inatfon would be inferred. Equation 43, however, is derived for a 
sy^^m of protein molecules which are monodisperse and spherical. Gela- 



pH 


Figure 7. The titration curve of deaminized gelatin (1) in water, (2) m 80% 
ethanol-water mixtures containing 0.02 M KCl, and (3) in 1% formaldehyde smu- 
tion. The procedures employed were the same as for the data in hig. b. iue 
anomalous curve, 2a, was obtained in 80% e than o] -water, without added JiC/i. 
The anomalous form of the curve disappeared on adding salts to the system 
(curve 2). Based on data of Lichtenstein, I., Biochem. Z., 303, 22 (1940). 

tin preparations arc highly polydisperse, and the molecules are certainly 
not spherical. Therefore the attempt to apply equation 43 to gelatin is 
probably quite unjustified. ■ 

Wool Protein: Effect of Different Acid Anions on the Titration Curve. 
A detailed study of the reaction of wool protein (which is largely keratin) 
with hydrochloric acid and potassium hydroxide was carried out by Stein- 

70 T J hf“' figure for the maximum acid binding of gelatin (86 X 16 tyyioiA 

gelatin ^ 
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hardt and Harris^\ The wool fibers are found to take up neither acid nor 
base frorri the surrounding solution when the pH is 6. 3-6. 5 at 0°. The 
maximum acid combining capacity is 82 moles per 10^ gm of wool and is in- 
dependent of the ionic strength. The maximum base binding capacity is 
greater than 78 moles per 10^ gm. As the ionic strength increases, the car- 
boxyl portion of the titration curve is displaced toward more alkaline 
reaction and the ammonium group portion of the curve near pH 11 is 
displaced toward more acid reactions. Qualitatively therefore the effect 
of ionic strength on the ti oration curve of wool is like that already described 
for egg albumin and lactoglobulin (p. 468). The magnitude of the shift, 
however, is apparently somewhat greater than in the case of the latter 
protein^. Steinhardt and Harris have described their data in terms of the 
hypothesis that anions as well as hydrogen ions are bound by the proteins 
in the acid portion of the titration curve. It would appear, however, that 
the data might also be described by an electrostatic theory similar to that 
employed by Linderstr0m-Lang^^ and Cannan^^’ It would be obviously 
wrong, however,. to use a spherical protein model to describe the reactions 
of the wool fiber with acid and base. The simplest model to employ in 
this instance might be a uniformly charged cylinder of very great length. 
The electrical potential in the neighborhood of such a cylinder in a medium 
of given dielectric constant could perhaps be employed in calculations 
analogous to those already given for the spherical model. 

The effect of temperature on the titration curve of wool protein^^ is 
qualitatively similar to that on all. other proteins investigated. In the 
carboxyl portion of the titration curve the apparent heat of ionization is 
approximately +2500 calories per mole. In the ammonium portion of the 
curve it is of the order of magnitude of 13,000 calories per mole. A correc- 
tion factor should be introduced for the heat of transfer of the hydrogen 
ion from the aqueous solution surrounding the fiber into the fiber itself, 
since this process must precede the actual reaction of the hydrogen ion 
with the basic groups in the wool. This correction factor has been esti- 
mated as of the order of magnitude of 2500 calories per mole^^ When this 
figure is subtracted from the heats of ionization given above, values almost 
identical with those found for other proteins are obtained. 

A very interesting study has been made of the relative affinities of the 
anions of a large number of different strong acids for wool protein The 
pH values obtained for a. given number of equivalents of acid added per 
gram of wool vary very greatly indeed from one acid to another. The form 
of the titration curves obtained is well shown in Fig. 8, taken from a 

mTnnrPihftn.t^lVP rpvipw nf wnrlr Uqc; lafpUr Vmnn Krr 
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Steinhardt’^. The pH value at which 40 millimoles of acid are bound per 
10^ grams of protein varies from about 2.3 in the case of hydrochloric acid 
to 4.2 in the case of flavianic acid. The general form of all the curves is 



pn 

Figure 8 . Combination of wool protein with sixteen different strong acids as a func- 

of * these acids ‘ o-xoylene-?? -sulfonic, and o-nitrobenzene^ 

sulfonic) would fall at lower pH values than are required for “'’“F'lence mth the 
curves forthe other acids, and have been oipitted to avoid confusing the figure^ 
Data for the two dibasic acids, flavianic and tnmtroresorcinol, are only parti 1 y 

rcprMwited^. included in this figure are published in/. Res. Nat. Bur. Stand- 

“'■‘Irom StdLSS J., Ann. New York Acad. Sci., 41, 287 (1941). 


very similar. They differ from each other pi^arily by paraUel (hsplace- 


498 


PROTEINS, AMINO ACIDS AND PEPTIDES 


and the anions of the various acids. The greater the affinity of the pro- 
tein for the acid anion, the more the midpoint of the curve is displaced 
towards larger pH values. The different acid anions studied show such a 
high degree of individuality that it is difficult to lay down any general 
rules correlating relative affinity with the structure of the acid in question. 
Steinhardt has, however, in his discussion pointed out certain significant 
factors involved. Similar effects were found by Steinhardt when egg albu- 
min was titrated with a number of the same acids shown in Fig. 8. The 
relative displacements of the curves, however, were found to be far smaller 
for the soluble protein egg albumin than for the insoluble wool protein. 
The difference between the curves obtained with hydrochloric and flavianic 
acids, for instance, was only about 0.6 pH units when 40 moles of acid had 
been bound per 10® grams of egg albumin, as compared with 2 pH units 
in the case of wool protein. It appears probable, therefore, that the in- 
soluble fibrous proteins undergo this type of reaction to a much larger 
extent than the soluble proteins. Reactions of this sort have of course 
long been employed in technology, for example, in such processes as the 
tanning of leather, in which the combination of protein with the anion of 
tannic acid is undoubtedly an important factor. 

Egg Albumin, Crystalline egg albumin has been known as a pure 
protein over a very long period of time. A relatively crude preparation 
of egg albumin was studied by Bugarszky and Liebermann^^ in 1898, and 
some of their data have already been presented in Table 2. A series of 
measurements by later investigators were plotted by Cohn^ in 1925 and 
showed generally good agreement over the major portion of the curve. 
The value estimated at this time for the maximum acid combining capacity 
was 80 moles per 10® grams of protein; but more recent investigations lead 
to a slight increase of this value. Kekwick and Canhan’® estimated the 
maximum acid combining capacity as 89 ± 2 moles per 10® grams of protein. 
The published curve of Lichtenstein®'^ indicates a value near 85 moles per 
10® grams of protein, but this value is probably less exact. Recent data 
from this laboratory'^® on 5 times recrystallized egg albumin (44.28 grams 
protein per liter) give the figure of 87.2 ± 2 for measurements in the pH 
range 1.8-1 .4. Some of these measurements were carried out with no 
added salt; others in the presence of 0.15 molal sodium chloride. The 
most recent report of Cannan, Kibrick and Palmer^^ leads to the slightly 
higher value of 91 = 1 = 2. The general agreement of these results from three 
different laboratories niay be regarded as satisfactory. 

Cannan, Kibrick and Palmer'^^ have expressed their results in terms of an 
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studying the effect of formaldehyde and of temperature. The net charge 
of the molecule near pH 8.5 in water, as determined from the base bound 
per mole, represents the negative charge of all the carboxyl groups minus 
the cations present at this pH. In water the latter will be the sum of the 
amino and guanidino groups. In the presence of formaldehyde the guani- 
dino groups will be the only cations at this pH. Thus it is possible from 
the formaldehyde titration to calculate a figure for the carboxyl groups 
minus the guanidino groups. The number of histidine imidazole groups 
may be determined from the temperature coefficient of the titration curve 
and is found to be five per mole (=bl). 

A well defined break in the titration curve of egg albumin is found at 
pH 8-8.5. In aqueous solution this corresponds to a net charge, in proton 
units per mole, of -15 dr 0.5, while in the presence of excess of formalde- 
hyde^^ the value is -37 ± 0.5. The difference between the net charge in 
water and in formaldehyde at pH 9 is 22. This is a measure of the amino 
groups which react with formaldehyde. The titration data thus lead to 
the following estimate of the numbers of the various ionizable groups in 
egg albumin: 


(a) Total cations 

(b) Carboxyl minus guanidine 

(c) Amino 

(d) Imidazole ^ 

(e) a - c - d ^ guanidine 

(f) 5 + e = carboxyl 

Egg albumin has been reported to contain roughly one mole of phosphoric 
acid. Such a group would be expected to contribute two equivalents to 
the curve. One of these would be included in the carboxyl re^on near 
pH 2 and the other in the imidazole region near pH 7. The estimate of. 
carboxyl and imidazole groups given above would include any phosphoric 


acid present. . . i • 

The analytical data on the dibasic and dicarboxylic acids m egg albumin 

expressed on the basis of the molecular weight 45,000 are as follows (Chap- 



Residue 

Ionizable group 

Equivalents 
per mole 




e-Ammonium I 

15 




Imidazolium 

4 

1 A 




Guanidinium 


(.Cj 

(a) 

Aspartic acid. 



28 
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The values for arginine and histidine derived from analysis and from 
the titration curve are in very satisfactory agreement. The lysine con- 
tent, on the other hand, is insufficient to account for all the groups which 
react with formaldehyde. The reaction of nitrous acid with egg albumin 
essentially confirms the formaldehyde titration, since it gives a value of 
23 to 24 amino groups per mole^l 

Earlier analytical work gave much lower yields of aspartic and glutamic 
acids than those listed here; and a large discrepancy between carboxyl 
groups, as determined by analysis and by titration respectively, was 
pointed out by Lichtenstein®^. The beautiful analysis of ChibnalP^, on 
which the figures given above are based, has practically removed this 
discrepancy, and indicates that the titration data for carboxyl groups 
give a valuable indication of the result to be expected from careful ana- 
lytical work. 

/3-Lactoglobulin. The crystalline globulin isolated by Palmer^® from 
the albumin fraction of cow^s milk has recently been designated as jS-lacto- 
globulin, and its titration curve has been reported in detail by Cannan, 
Palmer and KIbrick^^ An extensive tabulation of their data has already 
been given in Table 8. The isoionic point was found to be 5.18 db 0.01, 
in dilute sodium chloride or potassium chloride, and the addition of po- 
tassium chloride up to 2m did not significantly change this pH. This 
value is in excellent agreement with the electrophoretic isoelectric point 
of 6.19^^ The titration curve was found to be reversible from pH 2-10, 
the back titration curve within this pH range being identical with the 
original curve at the same ionic strength. In the neighborhood of pH 11 
there are indications of irreversible reactions which becrome very rapid at 
greater alkalinity. At pH 12 i^-lactoglobulin is converted in less than five 
minutes to a product insoluble in dilute salt solutions in the isoelectric 
region. The titration curve of this altered product differs significantly 
from that of the unaltered protein'. The ultracentrifugal studies of Peder- 
sen^® indicate that the protein suffers an irreversible breakdown above 
pH 11. The effect of temperature and of formaldehyde on the titration 
curve were studied in exactly the same manner as in egg albumin and the 
analytical data inferred. directly from the titration curve are as follows, 
expressed on the basis of a molecular weight of 40,000 for the protein: 


(a) Total cations 46 

(b) COOH guanidine 52-63 

(c) COOH - guanidine — amino 18-19 

(d) Imidazole 6 
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The analytical data are as follows (ChibnalF^, assuming a molecular weight 
of 40,000). ^ 


Residue 

lonizable group 

Equivalents 
per mole 

(a) Histidine 

Imidazolium 
e- Ammonium 
Guanidinium 

Carboxyl 1 

Carboxyl i 

4 

27 

7 

30 

59 

30 

(b) Lysine 

(c) Arginine 

(d) Aspartic acid, . . 

(e) Glutamic acid 

(f) Ammonia 


(g) Free carboxyls (d + e — f) 

59 


Here again the values for histidine and arginine from titration agree 
very well with those determined by isolation procedures. The lysine value 
is again low and the same comments apply here as in the cases of egg 
albumin and cytochrome C. The dicarboxylic acids determined from 
ChibnalPs^^ analyses are in most excellent agreement with the results to be 
expected from the titration data. 

Insulin. An important study of the titration curve of insulin was 
reported in 1936 by Harington and Neuberger^®. Over a large pH range 
near its isoelectric point, insulin is so insoluble that no titration curve can 
be obtained, but in more acid solutions Harington and Neuberger obtained 
an acid binding capacity of approximately 100 moles per 10^ grams of 
protein. This value is in very satisfactory agreement with recent deter- 
minations from our own laboratory, which are shown in Fig. 9. This total 
is somewhat higher than the value of 85.6 obtained for the dibasic amino 
acids by isolation procedures (Chapter 15, Table 4). Insulin, like hemo- 
globin, is rich in histidine, of which 51.6 moles per 10® grams of protein 
have been isolated. Insulin binds 63-66 moles per 10® grams per mole of 
protein between the isoelectric point and pH 8.5, according to Harington 
and Neuberger; The figure obtained in this laboratory is only a few per 
cent lower. Tyrosine analyses indicate the presence of 68 moles tyrosine 
per 10® grams insulin, or approximately 24 moles of tyrosine per mole of 
insulin, assuming a molecular weight of 35,000. Harington and Neuberger 
found that the iodine content of fully iodinated insulin corresponds to 
24 tyrosine groups per mole, on the assumption that the iodine has entered 
exclusively the 3 : 5 positions of tyrosine residues. The titration curve of 
iodinated insulin over the pH range 6.6-11.5 showed a displacement toward 
more acid reaction as compared with that of normal insulin. The char- 
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This is similar to that of all other proteins investigated in showing a very 
slight displacement in the region where the carboxyl groups are titrated 
and a much larger displacement in the region in which imidazole and amino 
groups are titrated. The calculated values for the heat of ionization of the 
amino groups as deduced from this curve are somewhat lower than those 
found in most other proteins. The exact form of the curves shown is to 



pH 


Figure 9. The titration curve of insulin at two different temperatures. 

insoluble over the pH range enclosed in the square within the 
Polnte have been obtained within this range. 
Measurements of Cohn, E. J., Ferry, J. D., and Blanchard, M. H. 


be regarded as tentative and may require future revision; but their general 
character is clear. 

Horse Serum Albumin. ^ The serum albumin of the horse was the first 
protein for which a titration curve was determined^^ and repeated studies 
have been made upon it. The curves of several of the earlier workers were 
m very good agreement, as was shown in 1925 by a composite plot of their 
. data (reference 2, p. 380),. Unfortunately, the exact sienificance of the.se 




PROTEINS AS ACIDS AND BASES 


503 


shows that all earlier preparations consisted of a mixture of proteins. 
Fig. 10 shows the titration curve of a crystalline carbohydrate-free 
preparation of horse serum albumin which was homogeneous with respect 
to molecular weight and electrophoresis studies. The values plotted in the 



Figure 10. The titration curve of crystalline horse serum albumin at three different 
temperatures. Measurements of Cohn, E. J., Strong, L. E., and Blanchard, M. H. 


curve were obtained on three different preparations, two prepared by Dr. 
T. L. McMeekin and one, following McMeekin’s method, by Dr. A. C. 
Batchelder. The results on the three preparations, the last of which was 
studied at t.hrep diffprAnt +<nmr^<::it'Q+nT‘ncj < 
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Figure 11. The heat of ionization of horse serum albumin plotted as a function 
of pH. Measurements of Cohn, E. J., Strong, L. E., and Blanchard, M. H. 
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reported earlier by several workers on unfractionated serum albumin (refer- 
ence 2, p, 380) . The base bound at pH 12 on the preparation of McMeekin 
is close to 160 per 10^ grams protein. In the measurements at 37.5° near 
pH 12, large fluctuations in base binding were observed from one experi- 
ment to another, depending particularly on the time during which the 
protein had been exposed to the alkaline solution. Clearly at this tempera- 
ture and pH irreversible reactions are proceeding with considerable rapidity 
and the three low points in the curve for 37.5° are to be given no signi- 
ficance. 

The apparent heat of ionization Q' (equation 45) has been plotted against 
the pH value at 25° for horse serum albumin in Fig. 11. The values of Q' 
for the carboxyl groups at pH < 5 are between 0 and 2000 calories per mol, 
as in other proteins. ' Between pH 6-9 there is a steep, fairly steady rise 
with only a very slight indication of a plateau corresponding to the imida- 
zole groups. At very alkaline reactions between 11-12 Q' rises above 
14,000 calories per mol. This is a very high value even for the heat of 
ionization of ammonium groups; it is possible that secondary irreversible 
reactions are affecting the calculated Q' value at this pH. This is particu- 
larly likely to be true for the Q' values calculated from the measurements 
at 37.5°. 

Fig. 12 shows Q' data plotted against the moles of acid or base bound by 
the protein instead of the pH. This method of representing the data has 
an advantage over the other in that the width of the region in the curve 
corresponding to groups of any particular type is proportional to the 
number of groups involved. It appears, (see also^®) that there is con- 
siderable overlapping of groups in the range in which the imidazole groups 
of histidine are being titrated, and that the measured value of Q' in the 
transition region between the carboxyl and amino portions of the titration 
curve is determined by several different types of groups ionizing practically 
simultaneously. 



Chapter 21 

Rotary Brownian Movement* The Shape of Protein 
Molecules As Determined from Viscosity and 
Double Refraction of Flow* 

By John T. Edsall 

The study of sedimentation and diffusion gives information concerning 
the shape of proteins (Chapter 18, equations 27 and 28) as well as their 
size. The diss 3 nnametry of protein molecules is commonly calculated as if 
the protein were an ellipsoid of revolution, characterized by the relative 
lengths of the semi-axis of revolution (a) and the equatorial semi-axis (6) . 
The values of a/b so obtained are subject to some uncertainty, owing to the 
unknown degree of hydration of the protein; and also owing to uncertainty 
as to whether the simplified ellipsoidal model used is adequate to represent 
a substance as complex as a protein. 

The importance of the problem of protein shape makes it desirable to 
utilize all available methods of approach to this problem. There are sev- 
eral methods which are quite independent of sedimentation and diffusion 
measurements. In this chapter we shall discuss the determination of 
viscosity and double refraction of fliow in protein solutions, and their inter- 
pretation; and in Chapter 22 that of dielectric dispersion measurements. 
All these measurements involve the rotation and partial orientation of pro- 
tein molecules in an external field of force. In dielectric dispersion meas- 
urements the orienting force is produced by an alternating electric field; 
in viscosity and double refraction of flow, rotation is produced by shearing 
forces arising from velocity gradients in the streaming liquid. In any 
case, however, the orientation achieved is only partial, since it is opposed 
by the disorienting action of the Brownian movement of the molecules. 
The Brownian movement here to be considered is not that of translation 
discussed in Chapter 18 in connection with translational diffusion. It is 
an analogous phenomenon involving rotation . of the molecules about their 
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orienting forces\ In the presence of such orienting forces, a steady state 
is gradually achieved, a state intermediate between the two limiting condi- 
tions of complete orientation and of complete disorder. The exact char- 
acter of this intermediate state depends on the magnitude of the orienting 
forces relative to that of the rotary Brownian movement. The intensity of 
this movement may be characterized in terms of a rotary diffusion con- 
stant, defined by equations exactly analogous to those defining the trans- 
lational diffusion constant. 

Inversely proportional to the rotary diffusion constant is the relaxation 
time, which is a measure of the time required for the molecules to revert to 
a random distribution, when an orienting force has been applied to the 
system and is then suddenly removed. Rotary diffusion constants and 
relaxation times are a function of molecular size and shape, and of the 
temperature and viscosity of the solvent medium. It is now necessary to 
define these quantities more precisely, before proceeding with a discussion 
of the methods by which they are determined. 

Rotary Diffusion Constants and Relaxation Times 

The rotary diffusion constant may be defined by equations exactly 
analogous to Fick\s two laws of translational diffusion. Consider a system 
of like molecules, in dilute solution, the orientation of each molecule in 
space being specified by the position of a particular axis located within the 
molecule.* It will simplify the preliminary treatment of this problem to 
deal with the orientation of particles in only two dimensions; that is, with 
a system in which the principal axes of all the molecules lie in a single plane. 
Then the orientation of any molecule is given by the angle, 4), between the 
principal axis of the molecule and the X axis. If An be the number of 
molecules in the system, per unit volume, having orientations lying be- 
tween the two angles 0 and (/> + A</>, we may characterize the distribution 
of orientations throughout the system by the function p{4>). 

pi(t>) = lim ^ (1) 

The function p, in the treatment of rotary diffusion, is the analogue of 
the concentration in a system involving translational diffusion. If the 

^ There is. ' ’ ’’ .1 . .t . . j. .1 j.. -if 

of its immecli . j. ‘■■..“o ■ :i;e if 

the system is consmeroa, tnroUKiiout a vmuino suuicioiitiy 1 .*. -ie t «• -i.;)!* - In 

liquid crystals, of oour.se, interm olcoular fdrces are so great and so anisotropic that a larger degree of spontaneous 
molecular orientation is produced. The discussion giveii here, however, will be confined to liquids which are 
isotropic :o i.iu'-: .- ■ - ' -.w - ■ ib-:-.’- ■ i - r " thormore, in a dilute protein solu- 
tion, in whif'. i-::- '! ■, d:. :.■> r.r: ■.:jt or repel each other, the orienta- 
tion of any one protein mi l".-.'.: w:.! ‘ :■ .■ u-: n-i ' ■ si-.g jirotein* molecules. How dilute 

a given protein solution m „-- ' t- \ ■ ; ■■■■■ -f :■ ; ;■ as the hasLs for most of the theo- 
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dp 


constant and -j-; = 0. If the 
d4> 


molecules are randomly distributed p(<^>) 

distribution is not random, the net number of molecules, dn^ whose orienta- 
tion shifts in the time dt across the angle 4> from lower to higher values, 
due to the Brownian movement, is 

dp 


dn ■= 


-0 ^ dt 
d<t> 


( 2 ) 


where 0, the rotary diffusion constant, is a measure of the mobility of the 
particle in its rotation about an axis perpendicular to the principal axis. 
If the particle is an ellipsoid of revolution, we shall denote the axis of 
revolution as the a axis, and the rotation of this axis is rotation about the 
6(* c) axis. The corresponding diffusion constant is denoted by 06, 

For a given value of 0, the rate at which the function is changing with 
time is 


dp ^ Q ^ 

dt 


(3) 


Equations 2 and 3 are the exact analogs, for rotary diffusion, of Fick^s 
two laws of translational diffusion (Chapter 18, equations 1 and 3)^; 0, how- 
ever, has different physical dimensions from D, its dimentions being rh 
In what follows, numerical values of 0 will be expressed in sec“'\ 

The rotary diffusion constant, 0, like the translational diffusion constant, 
D, may be expressed in terms of the change in position of the molecules 
due to their Brownian movement. Imagine all the solute molecules ori- 
ented by an external force, so that their principal axes are parallel, and 
suppose this orienting force suddenly removed, so that the subsequent 
motion of the molecules is due only to their Brownian movement. After 
the lapse of a short time, t, a given molecule will have shifted through an 
angle relative to its original orientation. Then 0 is directly propor- 
tional to the mean square valuQ of for aU the molecules in the system. 

e = i/2| (4) 


The derivatioa of equations 3 and 4 is exactly analogous to the derivation 
of the corresponding equations for translational diffusion (see Chapter 18, 
equations 3 and 22). 

Like D, 0 is directly proportional to.the thermal energy of the molecule; 
similarly, it is inversely proportional to an "inner frictional constant”, f, 
which is a function of the size and shape of the molecule and the viscosity 
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must be applied to cause the molecule to rotate with unit angular ve- 
locity. By reasoning analogous to that employed in deriving equations 
11 and 24 of Chapter 18 it is found that 


In the general case of an ellipsoid with three semi-axis, a, 5, and c, of differ- 
ent lengths, three different inner frictional constants are required to charac- 
terize the resistance of the medium to rotation of the molecule about each 
of these axes. There are three corresponding rotary diffusion constants 

Oa - kT/U, 06 = hT/U] 00 = hT/U ■ (6) 

We shall confine our subsequent discussion to ellipsoids of revolution, for 
which 


h = fo. 

For many purposes, it is more convenient to characterize the rotary 
Brownian movement by another quantity, &e rdaxatiqn^tm r. We may 
imagine the molecules oriented by an external force so that their a axes 
are all parallel to the X axis (which is fixed in space). If this force is 
suddenly removed, the Brownian movement leads to their disorientation. 
The position of any molecule after an interval of time may be character- 
ized by the cosine of the angle between its a axis and the X axis. (The 
molecule is now considered to be free to turn in any direction in space — 
its motion is not confined to a single plane, but instead may have com- 
ponents about both the h and c axes.) When the mean value of cosine 
for the entire system of molecules has fallen to 1/e (e == 2.718 . . . is the 
base of natural logarithms), the time that has elapsed is defined as the 
relaxation time, Ta, for motion of the a axis^ The relaxation time is 
greater, the greater the resistance of the medium to rotation of the rnole- 
cule about this axis, and it is found that a simple reciprocal relation exists 
between the three relaxation times ra, n and tc, for rotation of each of the 
axes, and the corresponding rotary diffusion constants defined in equation 6. 


1 , 1 ^ _ 1 
§6 + 0. ' ~ Ga + 0. ' Go + 06 


For an ellipsoid of revolution,, these equations become: 



1 

0a + 06 


(7) 


n = To = 


(7a) 
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Relation to Molecular Size and Shape. If the solute molecule is spheri- 
cal, and is very large in comparison to the solvent molecules, the inner 
frictional constant f is given by a formula due to Stokes 

f (sphere) == (8) 


where t is the radius of the sphere and rj is the viscosity of the solvent. 
The molecule is characterized by a single rotary diffusion constant 6, and 
a single relaxation time r. 


1 kT 

2r STTjr^ 


(9) 


This formula, due to Einstein, was experimentally verified by Jean Perrin^, 
by direct microscopic observation on spherical colloidal mastic particles 
(with radius 6.5 X 10"^ cm), which contained small enclosures of impurities 
on the smfface, thus permitting their rotary motion to be directly followed. 

Generalizing the hydrodynamic equations derived by Stokes for spheres, 
Edwardes® calculated the coefficients fi, f 2 and fa for ellipsoids as a func- 
tion of their axial ratios. The general equations are complicated; but for 
ellipsoids of revolution, which may be characterized by only two values 
of f, they assume a simpler form, and have been employed by Gans® and 
Francois Perrin^ to evaluate the rotary diffusion constants of molecules 
which may be treated as ellipsoids of revolution. -The formulas of Gans 
and of Perrin are not identical, but the numerical values of 0 calculated 
from them are nearly so, so that the formulas of either author may be used 
in practice. In the following discussion we shall employ Perrin^s equations. 

The volume of the ellipsoid (of axial ratio a/b) is 


7 = § (10) 

o 

The rotary diffusion constant, 0o, and relaxation time, ro, of a sphere of 
the same volume would be given by the relations 

Consider first the case of an elongated ellipsoid of revolution (a > 6). 
Rotary Brownian movement of the a axis about the b axis is characterized 
by the relaxation time Ta, and the corresponding rotation diffusion con- 
stant 06 = 1/2 Ta (see equation 7a), These constants are conveniently ex- 


j Perrin, J., Comvt. rend, Acad, Set.. 149. 549 (1909'!. 
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pressed by their values relative to those for a sphere of the same volume. 
Denoting by q the ratio b/a, Perrin’s equation reads 


; _ 00 _ 2(1 - g*) 

eo 1+vr^ .2 

Vw'^n ^-3g 

To/ To is always greater than unity, and increases very rapidly as a/h in- 
creases. If a > 5, equation 13 reduces approximately to the simpler 
formula; 

06 To Si)'*/ . 20^ v . 

li a > Sbj the values of 0 and r, calculated from formula 12a, agree 
within 1% with those calculated from the exact formula 12. Hence 
from (11) and (12a), equals approximately: 


06 - 


ZkT 

IGTTija^ 



+ 21n^) 


(13) 


Thus for a given value of a/&, the rotary diffusion constant of an elongated 
ellipsoid is inversely proportional to the cube of the length. 

For the relaxation time, t 6, of an elongated ellipsoid of revolution in- 
volving rotation of the h axis, which may involve turning about both the a 
and the c(« b) axis, Perrin finds 


Tb/tQ - 20o/(0a -f 06) ~ 


4(1 - q^) 


- 1) 1 4- Vi - 


Vi - 


4" 3 


(14) 


If a > 6, (g 0), this reduces approximately to 

T6/to = 20o/(0o + 06) = 


(14a) 


Thus Tb for an elongated ellipsoid is always greater than to, but never be- 
comes greater than 4to/3, even when a/h becomes infinite. 

For a flattened ellipsoid (a < &, and g > 1) a different set of equations 
holds. For rotation about the equatorial (b) axis 

' n 'n 2(1 - q^) 

t»/to = 0D/06 » orotrirfi ; (15) 


3g^(2 - q^) 

Vf- 1 


tan * Vg^ - 1 - 3q‘‘ 


and for rotation about the a axis (axis of revolution) 
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If 6 > a, both equations 15 and 16 reduce approximately to 

Ta / To ^ Tb / To ^ {2b/(x)/[S tau ^{b/a)] ^ 45/37ra (16a) 

and substituting the value of to from 11 

Ta ^ Tb ^ IQrjb^ /dkT ^ 1/206 ^ l/20a (16b) 

Thus for a flattened ellipsoid, as b/a becomes infinite, both relaxation 
times become infinite, and the corresponding rotary diffusion constants 
approach zero. When b/a is very large, the relaxation times are propor- 
tional to the cube of the b semi-axis, and do not depend at all on the length 
of the a semi-axis. 

The Viscosity of Protein Solutions 

The viscosity of a liquid is a measure of its resistance to shearing stress. 
The viscosity coefficient is the force required, per unit area, to maintain 
unit difference of velocity between parallel planes in the liquid, when the 
distance between the planes is unity. Thus the tangential force, F, re- 
quired to maintain the relative velocity Av between two parallel planes'* 
separated by a distance Ay, in the direction normal to the plane of flow, is 

(17) 

where A is the area of one of the planes of flow. The viscosity coefficient, 
7 , of the liquid is defined by this equation, li' Ay approaches zero, we 
may write it in the differential form 

f - ■ ( 18 ) 

d>v . 

is known as the velocity gradient. The dimensions of the viscosity 

coefficient, ri, are mrh~^. The unit .of viscosity, expressed in cgs. units, 
is known as the poise. The viscosity of water at 20° is almost exactly 
0.01 poise. 

Equations 17 and 18 were first derived by Newton, who made the 
assumption that the viscosity coefficient is independent of the velocity 
gradient in the flowing liquid. The consequences of this assumption have 
been very exactly verified for most pure liquids over a very wide range of 
velocity gradients. The flow of such liquids is said to be Newtonian. 
There are, however, important classes of liquids, especially certain col- 
loidal solutions, for which this assumption is invalid. In such cases, ex- 
periments almost invariably indicate that y decreases \Vith increasing 
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Measurement of Viscosity. There are two methods of major importance 
for measuring the viscosity of liquids®. The first of these depends on the 
rate of flow of the liquid through a capillary tube of known radius and 
length, under a known pressure. If the rate of flow is not too rapid^, the 
liquid flows through the capillary in concentric cylindrical laminae, the 
velocity being uniform throughout anydamina. It is generally assumed — 
and the consequences of the assumption agree with experiment — that the 
layer of liquid immediately adjacent to the wall of the capillary adheres 
to the wall and does not move. A straightforward calculation from dy- 
namical principles then gives for the velocity of the liquid^*^ 

( 19 ) 

where Ap is the pressure gradient acting on the liquid, I is the length of 
the capillary, a its radius, and r the distance from the center of the capil- 
lary. The velocity is maximal at the center of the capillary (r = 0), zero 
at the wall (r = a). On the other hand, the velocity gradient 


dv _ -Ap-r 
dr 2nl 


( 20 ) 


is zero at the center of the capillary, and increases linearly with the dis- 
tance from the center, The volume of liquid passing any cross-section 
of the capillary in unit time is 


Q = 2x f rr dr = (21) 

Thus, if Ap, Z, a and Q are all measured, the viscosity coefficient may be 
calculated. If it is sufficient to know the viscosity of the liquid relative 
to that of a known standard liquid, Q and Ap may be determined for both 
the vstandard and the unknown liquid; and an explicit determination of I 
and a is then unnecessary. 

The other type of viscometer most commonly used was first developed 
in detail by Couette, and is commonly called after him. It consists essen- 
tially of two vertical coaxial cylinders, with the liquid in the gap between 
them . The oiiter cylinder is rotated at constant speed ; it thereby impresses 
a rotatory motion on the adjoining layer of liquid, which is in turn trans- 
mitted to the next layer, and so forth. When the system has attained a 

»Athird'- -. V- ■ ’C ' ■’ > . " V »■ adius ^d 

density. F • : ■ . . 

D. van Nos”.. < ' i 

9 .. rtf flrtn.f TVl f llflo rtf W>l?rt!h i-l«knanf1a rtYl tVlO XnaOriCSl+.V Hnfl HftncU.V of 
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steady state, a turning moment is exerted on the fixed inner cylinder. 
This moment is calculated^' to be 

M = 4:7rLv^RlRl/{Rl - R!) - (22) 

where L is the length of the cylinders, Ri the radius of the inner cylinder, 
JS 2 that of the outer cylinder, and. 0, is the angular velocity of the outer 
cylinder. K is thus a constant of the apparatus. M is generally measured 
by suspending the inner cylinder from a wire of known restoring force, N, 
and measuring the angle f through which it is deflected. We then have: 

^N ^ M ^ KrjQ (23) 

or, since N is also a constant for a given wire, 

f - K'rjQ (24) 

For a given liquid at a given temperature f is directly proportional to fi. 
If the deflections f and f ' are found for two different liquids at the angular 
velocities 0 and O', the ratio of their viscosities is 




(26) 


The angular velocity, co, of the liquid at any radius, r, (i2i ^ r ^ R^) is 
found to be 


CO = 

and the velocity gradient is 


(1/Rl - 1A^\ 

Vl/iil! - 1/rV 


Q 


(26) 


If the gap between the cylinders is very small [(Rn - Ri) < R^] the velocity 
gradient is approximately constant and equal to 


.Ofii ^ 0^2 

R 2 ~ Ri Ri — Ri 


(28) 


The Viscosity of Solutions of Large Molecules. We are not directly 
concerned in this discussion with the vast number of studies that have 
been carried out on the viscosity of pure liquids, and on solutions con- 
•taining only small molecules*^. Our concern here is with protein mole- 
cules, which are very large in comparison with the molecules of the solvent, 
so that the latter may be regarded approximately as a continuum, charac- 
terized by its macroscopic viscosity, t^o. If very large solute molecules 
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are introduced into the solvent, it is invariably found that the viscosity of 
the solution is greater than that of the pure solvent. This effect may be 
qualitatively understood in terms of the energy required to maintain viscous 
flow. In a pure liquid, in which a uniform velocity gradient |8 is main- 
tained throughout the system^^ the expenditure of energy per unit time 
necessary to maintain viscous flow in a unit volume of the liquid is^’ 


J_ m 
Vol. dt 


= 


(29) 


The introduction of very large solute molecules involves additional work 
in maintaining the flow, because of the distortion of the stream hnes by the 
large molecules. Therefore the system as a whole behaves like a pure 
liquid of higher viscosity. 

The first quantitative calculation of the effect of large solute molecules 
on the viscosity of a pure liquid was made by Einstein**. He treated the 
special case of spherical, rigid, uncharged solute molecules, assuming no 
slip between solvent and solute (that is, adherence of a layer of solvent to 
the solute molecules). By straightforward hydrodsmamic reasoning, he 
obtained, for the viscosity, ri, of the solution 


(i?Ao) -1 = 2-5$ 


(30) 


where $ is the volume fraction of the system occupied by the solute mole- 
cules. It is apparent from this equation that the volume of the individual 
spheres has no effect on the result; only the total volume occupied by the 
spheres in the system is of importance. This equation is valid only as 
long as $ is small (<0.03, approximately). It has been experimentally 
confirmed by Eirich, Bunzl and Margaretha*®, for suspensions of yeast, 
mastic, paraffin, sulfur and various approximately spherical spores and 
bacteria. These extensive investigations, together with other more iso- 
lated studies, appear to demonstrate the validity of Einstein’s equation for 
systems of the class to which it was intended to apply. 

It will be found convenient to write the quantity 


The quantity v may be called the “viscosity increment” of the solute*®”. 


This condition b realized in practice in a Couette viscometer under the conditions described by equa- 
to for instance .T. R. (1939). 
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Thus Einstein^s equation for spheres may be written 

V — 2,5 (30a) 

< 0.03. 

It is found that for non-spherical solute particles, v is always greater 
than 2.5. The data in this field are very extensive, largely owing to the 
work of Staudinger and his collaborators^® on solutions of long chain poly- 
mers of different degrees of polymerization. Staudinger found an approxi- 
mate proportionality between p and molecular weight in many such series 
(polystyrol, polyoxymethylene, and many other similar polymers) 

= KmM (32) 

where Km is a constant, and M is the number of monomer units in the 
polymer molecule^^ These observations are best explained by the assump- 
tion that the polymer molecules, owing to free rotation, are bent and 
kinked in a nearly random fashion in solution, and that the actual mean 
length from end to end of the polymer molecule is proportional to 
a relation which may be derived from statistical reasoning. For proteins, 
also, the values of v found experimentally (Table 2) are always greater 
than 2.5, and often very much greater. It has frequently been suggested 
that these values may be explained by hydration of the protein. If one 
gram of protein combines with w grams of solvent, so that the molecules 
so bound do not take part in the motion of the liquid, then the volume 
fraction Ch of the hydrated protein is related to the volume fraction 
of the anhydrous protein by the relation 



provided Ch<l. 

Here Fa is the partial specific volume of the anhydrous protein, p is the 
density of the solvent, and H is a ''solvation factor'' defined by equa- 
tion 33^^ The determination of w in protein crystals has been described 
in Chapter 16 (see also Chapter 14, Table 1). The highest reliable value 


Here g is the concentration of solute in grams per 100 cc of solution. Hence 

^ 7 ioo . (31b) 

where F is the partial specific volume of the solute. 'This ■■■’ ’ -i* 

M.. ■ ■ Berlm (1932); 
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is that of McMeekin and Warner for jS-lactoglobnlin, which is approxi- 
mately 0.8. There is good reason to believe, however, that hydration of 
protein molecules in solution is lower than in crystals. Much of the water 
in wet protein crystals occupies large interstices between the protein 
molecules, and would not be expected to remain fixed to these molecules 
when they pass into solution in water or other solvents. The water packed 
by electrostriction around the charged groups is certainly quite tightly 
held, but the value of w due to this factor alone would be very small for 
most proteins — in the neighborhood of 0.03, as estimated by the calcula- 
tions given in Chapter 16. Probably some water is fairly strongly bound 
to other polar groups in the protein, although less firmly held than the 
water of electrostriction; but no exact estimate of its amount can be given. 
For purposes of calculation we may consider the consequences of assuming 
a value of w equal to 0.5, although this is almost certainly higher than the 
values to be expected of typical proteins. Setting w = 0.5, Va = 0.75, 
and p ^ I in equation 33, we find H = 1.67. Thus, if the protein is 
spherical, v in equation 31 is 2.5 if C is expressed as Ch (equation 33), 
and the value of v expressed in terms of the volume fraction of anhydrous 
protein is equal to 2.57/, or approximately 4.2. This is probably close 
to the upper limit of the values of v explicable solefy in terms of hydration. 
The values actually found for many proteins, however, are much higher 
than this, and can be explained in terms of deviation of the protein molecule 
from the spherical shape. 

Rotary Motion of Ellipsoidal Particles Subjected to a Velocity Gradient. 
The first theoretical treatment of this problem was given by Jeffery who 
cxtend(*d Einstein^s calculations to the more complicated problem of large 
ellipsoids immer.secl in a viscous fluid. In this case, the effect of the ellip- 
soid in disturbing the streaming of the fluid, and thereby increasing the 
viscosity, depends upon the orientation relative to the stream lines, and 
this orientation is constantly changing because of the Brownian movement 
of the ellipsoid, and because of the rotation produced by the velocity 
gradient in the liciuid . Jeffery considers only the case where the Brownian 
movement is negligible, and the orientation of the ellipsoids is determined 
by hydrodynamic forces. The cnientation of the molecule at any moment 
in a. streaming liquid of constant velocity gradient is shown in Fig. l^M it is 
described in terms of the angles 0 and <^. 6 is the angle between the a 
axis of the ellipsoid and the positive Z axis {6 ^ 90^ if the a axis lies in the 
plane of the paper); (ji is the angle between the XZ plane, and the plane 

O. Bo %!/. SrtC. non4/m,A102iJ6l (1922-23), ^ ^ ... 
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passing through, the Z axis of coordinates and the a axis of the ellipsoid. 
If a is the magnitude of the semi-axis of revolution of the ellipsoid and h 
that of the equatorial semi-axis, Jeffery finds for the components of the 
rotation of the ellipsoid due to the velocity gradient, ^3: 


dd 

dt 


_ -/3(a^sin^<^ -j- 2>^cos^</)) 

Jt oFTh^ 


{a - b^) 

4- 


sin 6 cos 6 sin (l> cos 4> 


(34) 

(35) 


The effect of the velocity gradient in the liquid is to cause a continued 
rotation of the ellipsoid. If the ellipsoid is prolate (a > h) it rotates most 
rapidly (d(t)/dt maximum) when the a axis is perpendicular to the stream 
lines {4> = 90°), most slowly when this axis is parallel to the stream lines 



Figure 1. 

Orientation of an ellipsoidal molecule 
in a flowing liquid of constant velocity 
positive Z axis poinra 
: upward from the plane 

of the paper. The projection of the axis 
of revolution of the ellipsoid on the XY 
plane is denoted by A A . The movement 
of the liquid is parallel to the X axis, and 
is described by the equation F® = GYj 
where F^ is the velocity and G is the 
velocity gradient. The significance of 
the angle <i> is shown in the figure = 0 
w^hen the a axis of the ellipsoid lies in the 
XZ plane). 6 is the smaller of the two 
angles between the a axis of the ellipsoid 
and the positive Z axis. The origin is 
taken at the center of the ellipsoid. 


(fli = 0). Thus a very elongated ellipsoid (a » 6) spends^^ most of its time, 
with the a axis parallel or nearly parallel to the stream lines. Conversely, 
a disc-shaped ellipsoid (o < b) spends most of its time with the b axis 
parallel to the stream lines. 

The contribution of a single ellipsoid to the viscosity of the system is 
calculated by Jeffery for any given orientation; to calculate the viscosity 
of the system as a whole, it is necessary to average over all orientations, 
allowing for the relative time spent by the particles in each orientation! 
Jeffery was unable to reach a unique solution of this problem, because the 
distribution of particles in various orientations, with respect to the angle 6, 



ROTARY BROWNUn MOVEMENT 519 

merit. He did, however, give maximum and minimum values for v as a 
function of the ratio of the axes of the ellipsoids. ’ 

Relation of Viscosity Increment to Shape of Molecules. Recentlv a 
thorough treatment has been given by Simha^^ of the viscosity of solutions 
of ellipsoidal molecules, in which the Brownian movement is so intense 
that the orientation produced by the shearing forces is negligible This is 
true provided that the ratio a of fhe velocity gradient to the rotary diffusion 
constant of the molecules is much less than unity. All orientations then 
are equally probable, and the motion of the ellipsoids with respect to the 
angle 4> is indeficndent of their motion with respect to $. Simha then 
calculates v for ellipsoids arranged at random, employing the formula de- 


Axial 


Ratio 

elongated 

flattened 

1.0 

2.50 

2.60 

1,5 

2.63 

2.62 

2.0 

/2.91 

2.85 

3.0 

3.68 

3.43 

4.0 

4.66 

4.06 

5.0 

5,81 

4.71 

6.0 

7.10 

5.36 

8,0 

10.10 

' 0.70 

10.0 

13.63 

8.04 


12.0 
15.0 

From MehK J. W., Ondoy, J. L., and 


Table 1 


Axial 



Ratio 

elongated 

flattened 

20.0 

38,6 

14.80 

25.0 

55.2 

18.19 

30.0 

74.5 

21.6 

40.0 

120,8 

28.3 

60.0 

176.5 

35.0 

60.0 

242.0 

41.7 

80.0 

400.0 

55.1 

100.0 

593.0 

68.6 

150.0 

1222.0 

102.3 

200.0 

2051.0 

136.2 

300.0 

4278.0 

204.1 


17.76 9,39 

24.8 11,42 

Himha, R., Science, 92, 132 (1940). 


rived by .Teffery describing the increase in viscosity produced by a molecule 
in any given orientation. The calculations give (if J = a/b) 

I'ornKk; , 3 ,,) 

Fordisc.s: r (16/15)(//tan~V) ( 37 ) 

The fir.Hf, term on the right of equation 36 had already been derived, in 
.sub.stantially the. same form, by Ei.senschitz“ and Burgers*';, the other 
ternrs are derived by Kimha’.s more rigorous treatment. 

The xmtrus'ical relations between v and the axial ratio of the. ellipsoid 
(./ or 1 /./) are given for convonicttice in Table 1 . With the aid of these 
table.H, and the values of v obtained for a number of proteins by Poison*® 
and otlun- authons, Mehl, Orioley and Simha** calculated the shape factors 
for a variety of proteins. These are listed in Table 2 , along with similar 
factors derived from measurements of///o determined from sedimentation 


K,. J, Vh^nvtal Chem,, 44, 25 (1940), 
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and diffusion studies. The shape factors derived from the two types of 
measurement in general agree well. Both sets of calculations, however, 
are made on the assumption that the proteins are not hydrated. In an 
attempt to evaluate the importance of hydration and to determine whether 
any choice would be made between the elongated and flattened shapes, 
values of J were calculated from viscosity and from sedimentation and 
diffusion, assuming that the protein carried varying amounts of water. 
The values of the axial ratio and of hydration, which are compatible with 
any given value of the viscosity increment are plotted in Fig. 2a. 

The values of f/fo for the protein studied were assumed to be subject to. 
an error of ±4%, and those of v to an error of d=10%. The areas in- 
cluded between pairs of such curves would then include the possible choices 
for shape and hydration. Such curves for egg albumin and thyroglobulin 


Protein 

Egg albumin 

Serum albumin 

Hemoglobin 

Amandin 

Octopus hemocy.anin 

Gliadin 

Homarus hemocyanin 

Helix pom. hemocyanin. . 

Serum globulin 

Thyroglobulin 

Lacto^obulin. 

Pepsin 

Helix hemocyanin pH 8.6 


Table 2 

///o 

p 

1.17 

6,7 

1.25 

6.5 

1.16 

5.3 

1.28 

7.0 

1.38 

9.0 

1.60 

14.6 

1.27 

6.4 

1.24 

6.4 

1.41 

9.0 

1.43 

9.9 

1.26 

6.0 

1.08 

5.2 

1.89 

18.0 


a/b, elonrated 
Diffusioa Viscosity 

3.8 

5.0 

5,0 

6.6 

3.7 

4.6 

5,4 

6.0 

7.2 

7.3 

10.9 

10.5 

5.2 

5.6 

4.8 

5.5 

7.6 

7.3 

7.8 

7.9 

5.2 

6.1 

2.5 

4.5 

16,6 

12.0 


^ b/a, flattened 
Diffusion Viscosity 

4.0 6.7 

5.4 7.7 

3.9 6.0 

6.0 8.5 

8.2 11,4 

13.6 21 

5.8 7.5 

5.2 7.5 

8.9 11.4 

9.2 12.7 

5.7 6.9 

2.6 5.8 

23.9 26 


rr ■: 'f.'-’ 


T... a--: “ire'-r.. 


* »■>( 


: \ ! 


^ ' 0^39)' Other values have 

...... . . ... .... ' ! ..■ ■■ and A, M. Prentiss, 0«n. 

‘ I.*' -.. IV ■•'enjJ’. Am. OAem. Soc., 

^58^4^' molecule*^ ha;© b^en reported by J. Daniel and e!^. Am. CAatl 


are shown in Fig. 2b ; they were chosen as well characterized examples of 
fairly symmetrical and fairly asymmetrical molecules. The shape of these 
curves is such that they never cross sharply, but it appears that for these 
two cases hydration greater than 0.5 gram of water per gram of protein, 
and the flattened appear relatively improbable. Even assuming a 
slightly greater degree of hydration, most of the proteins in Table 2 must 
deviate appreciably from the spherical shape; the only ones which might 
be approximately spherical are egg albumin, hemoglobin, pepsin and pos- 
sibly lactoglobulin . Recently Neurath and Saum^^ have investigated the 
viscosity increment and the diffusion constant of serum albumin in water 
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and in urea solutions of varying concentration. The work of Burk^° has 
shown that the molecular weight of this protein is essentially the same in 
concentrated urea solution as in water, but its diffusion constant pro- 
gressively decreases, and its viscosity increment, steadily increases, with 
increasing concentration of urea (Table 3), The results can best be inter- 
preted as revealing a progressive unfolding of the protein, which in water 
is not far from spherical, with increasing concentration of urea. This 



interpretation is in harmony with the results of x-ray diffraction studies on 
denatured proteins. The estimated shape factors from viscosity and from 
diffusion measurements agree reasonably well. The increase in the vis- 
cosity of egg albumin produced by urea and heat denaturation has been 
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Figure 2b. The asymmetry of protein molecules calculated from viscosity and 
diffusion, assuming various degrees of hydration. Prom Mehl, J. W Onclev J L 
and Simha, R., Science, 92, 132 (1940). •, '.entity, j. n,., 


Table 3. Eppeot op Urea on the Viscosity Increment and Dippusion Constant 

OP Serttm Albumin 


Urea 
moles /I, 

Viscosity 

increment 

p 

a/b, calc, 
from Eq. S6 

D* = corrected 
diffusion const, 
X 107 

Do/D‘ 

0.0 

6.50 

5.6 

6.85 

1.20 

0.5 

6.60 

5.7 

6.20 

1.-33 

1.5 

7.40 

6.2 

6.08 

1.35 

3.0 

8.7 

f.2 

5.69 

1.44 

4.5 

16.4 

11.4 

4.45 

1.85 

6.0 

19.6 

12.9 

4.27 

1.93 

6.66 

22.6 

14 

4,15 

1.98 


a/b from 
diffusion 

4.3 

6.1 

6,5 

8.0 

16.5 

18.3 

19.4 


conTt'ant'^^nrf*®'/ ?' = C'C^Ao), where D is the observed diffusion 

constant, and v/vo is the viscosity of the solvent (n) relative to that nf wotor. i i 
Values of D and D' in cm^ sec-*. Z)„ is the calculated dZsion co^tanrfra soh^ ' 
cal mo ecule of mol. wt. 67,100 = 8.22 x lO"’ cm» sco-> at 25° in water Values fn the 
last column arc obtampri frAm n./nf i — a- * «« in tnc 
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Electroviscous Effects. It might well be supposed that variations 
of pH would affect the observed values of v, Laqueur and Sackur^^^ 
nearly forty years ago discovered that the viscosity of casein was markedly 
affected by the addition of acid or alkali. The same effect was also clearly 
shown in the work of Hardy^^^ on serum globulin. Hardy showed that 
the viscosity of serum globulin is generally a minimum near the isoelectric 
point and rises to a considerably higher value on the addition of either acid 
or alkali. Similar effects in gelatin and other proteins were intensively 
studied by Loeb^^®. Loeb and others also showed that the rise in viscosity 
produced by acids or alkalis can be partially or wholly abolished by the 
addition of neutral salts^^. 

It appears probable that the change in the viscosity of a protein solution 
on the addition of acid or alkali is due predominantly to electroviscous 
effects and can be explained by the drag exerted by the charged protein 
on the liquid in the surrounding electrical double layer. On the basis of 
these considerations, Smoluchowski^^ proposed a formula for spherical 
particles of radius r, which in our notation may be written: 


Vaphere - 2.5(^l (38) 

Here D = dielectric const t of solvent; \pQ = electrokinetic potential; and 
X = specific conductivity of the solution. Addition of salts to the solution 
can reduce the second term in 38 practically to zero, and give v the 
theoretical value for an uncharged particle. It was indeed found by Poi- 
son^® that the viscosity of egg albumin solutions is independent of pH 
between pH 4.56 and 6.67, provided the measurements are made in a solu- 
tion containing 0.20M NaCl, It is very important therefore, when meas- 
uring the viscosity of protein solutions in order to calculate their shapes, 
to work in solutions of fairly high ionic strengths, and at several different 
pH values. 

Change of Viscosity with Velocity Gradient: ^‘Non-Newtonian’^ Flow. 
In the preceding treatment it has been assumed that the axes of the protein 
molecules are distributed at random in the following solution. This is 
true if q: - i3/0 < 1. This condition is certainly fulfilled for most of the 
proteins listed in Table 2. Values which have been found for 0, the 
rotary diffusion constant, vary from 6 X 10® sec ^ for hemoglobin to 
3 X 10® sec””^ for serum pseudoglobulin®^. The mean velocity gradients 


3ia T ti’ _ Q., Hofmetster's BeUrdge, 3, 193 (1903). 

■ ■ • ■■ ■' MoGraw HiU Book Co., New York, 1923. 

. ■■■■'. . _ . . ofthiswor- ■ *'■ ■ .y8Xk6,E./'Kolloidchemied6r EiweisakdrpeTf* 
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employed^^ in most capillary viscometers vary from a few hundred to a 
few thousand sec~"^; in viscometers of the Couette type, the gradients are 
generally much lower than this. In such systems, therefore, /3/0 < 0.01. 
The situation is entirely different, however, when very elongated protein 
molecules, such as myosin, collagen and tobacco mosaic virus are con- 
sidered. These are all exceedingly elongated molecules; as shown by meas- 
urements of double refraction of flow, their length is of the order of magni- 
tude of several thousand Angstroms, and their rotary diffusion constants 
are near 10 sec""^ (or less) . Such molecules are very highly oriented even 
at moderate velocity gradients. This means that the measured viscosity 
is a function of the velocity gradient. At very low gradients, the rod- 
shaped,, molecules are distributed at random, and their resistance to the 
viscous flow of the liquid is very great. Correspondingly, the viscosity 
increment under these conditions — ^which we may denote by the symbol vq 
— ^is high^^ At higher gradients (a ^ 1) the molecules deviate appreciably 
from the state of purely random distribution; and at very high velocity 
gradients (a » 1) they are oriented predominantly parallel to the stream 
lines. In this position their influence in increasing the viscosity of the 
solution is a minimum, and v tends toward a lower limiting value for 
^‘infinite velocity gradient,^' which we may denote by The more the 
ellipsoidal molecule deviates from the spherical shape, the greater will be 
the difference between vo and Vool smaller the rotary diffusion- constant 
of the molecule, the lower will be the velocity gradient, at which v becomes 
effectively equal to vj^. All these considerations have been^treated in 
detail by Peterlin^®, who has given a very elaborate mathematical formula- 
tion of the problem. Peterlin gives curves showing as a function of a 
for certain specific values of /, both for elongated and for flattened ellip- 
soids, but he did not derive a general formula for as a function of J, 
on account of mathematical difficulties. There also remain certain un- 
resolved problems regarding the underlying assumptions made by Peterlin, 
but the general picture giyen by his treatment’ would appear to be correct. 

As an example we may compare the measurements of Robinson^® and 
of Lauffer^® on the viscosity of tobacco mosaic virus. Robinson, employing 
a viscometer of the Couette type, and velocity gradients varying from less 
than 1 to about 10 sec''^ obtained a viscosity increment, ro, for the virus 
of 1500 in a 0.02% solution, corresponding from Table 1 to an axial ratio of 
about 160 to 1. Lauffer, employing a capillary viscometer, in, which the 


47 , 294 ( 1929 ). 

discussed in this chpter are j'o values. Hitherto we have not explicitly 
introauced the subscript 0, since only conditions of random orientation were beinir considered. 
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mean velocity gradient was certainly far higher, found v ^ 55.8 in a 
0.0296% solution. Even this value may be somewhat higher than v^. 
These measurements were made on different preparations of virus, and are 
therefore not strictly comparable. They illustrate clearly, however, the 
profound effect of the velocity gradient on the viscosity increment for 
highly asymmetrical proteins. 

A detailed study of myosin in solutions of varying concentration of 
protein and velocity gradient was made by Edsall and Mehl^\ using a 



capillary viscometer. Their results are summarized in Fig. 3, in which 
the volume fraction (#) of protein is calculated from the weight fraction 
assuming the apparent specific volume - 0.76. The velocity gradient is a 
mean value, for the flowing liquid in the capillary, calculated from the 

formula of Kroepelin*®: 
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where V is the volume of liquid flowing through the capillary of radius r 
in time t. Kroepelin has shown that v is a uniquely defined function of $ 
for capillaries of varying radius. All of the mean velocity gradients shown 
in Fig. 3 are relatively high, and in all cases v falls with increasing ap- 
proaching a limiting value which may be taken as p^. This value, how- 
ever, is not a constant, but is a function of concentration, falling from 
approximately 530 in the most concentrated solution shown in Fig. 3, 
to 340 in the most dilute. If is plotted against an extrapolated value 
of = 240 is obtained for zero concentration of myosin. The higher 
values of obtained at finite concentrations are due, not only to the inter- 
action of the flowing solvent with the individual myosin molecules, but to 
the interaction of the myosin molecules with one another, probably in- 
volving the interference of one myosin molecule with the rotation of others. 
Such concentration effects must be sharply distinguished from the effects 
which remain operative even at infinite dilution of the solute. The latter 
are a function of the shape and hydration of the solute molecule. The 
effects of concentration are likely to be particularly apparent in solutions 
of very long molecules, which may interfere or become entangled during 
flow; such interference increases the measured viscosity, and also magnifies 
the change of viscosity with velocity gradient^^ Neither of these concen- 
tration effects has yet been interpreted quantitatively in theoretical terms. 
It is therefore very important, if viscosity measurements are to be used 
in the determination of shape factors, to work at low protein concentrations. 
Since the viscosity increment pq for random distribution is more readily 
interpreted than it is also desirable to work at low velocity gradients. 
This involves the use of the Couette viscometer, which has the further 
advantage that the velocity gradient can be quite precisely defined, and 
varies only over a relatively narrow range between the inner and the 
outer cylinders; whereas in the capillary viscometer, the gradient varies 
from zero at the centre of the capillary to a very high value at the wall. 
More general use of the Couette viscometer by workers in this field should 
greatly advance our understanding, particularly of very elongated protein 
molecules. 

There can be no doubt that, at low velocity gradients, the vq values for 
myosin should be very much higher than any of the v values reported by 
Edsall and Mehl for high velocity gradients. The values, as reported 
by these authors, reveal, however, a very pronounced effect of various 


We have not here <iiscuss 
for very low shearing stresses; 


~ behave like rigid gels 
iscous fluids. Gelatin 

looM 
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denaturing agents (Table 4). The effect of guanidine, urea and am- 
moniuna chloride is to decrease the viscosity of myosin solutions; and the 
same was found to be true from qualitative observations for a very large 
number of other denaturing agents. This is most readily explained on the 
assumption that the very elongated molecules of native myosin are broken 
up into shorter chains by guanidine, urea, and other agents. In harmony 
with this explanation is the effect of urea in decreasing the mean molecular 
weight of myosin in solution (determined by osmoticr pressure) from about 
10^ to about 10® and the effect of all these reagents in causing a profound 
diminution of double refraction of flow in myosin solutions (see p. 536). 

The contrast between the effect of urea on serum albumin (Table 3) 
and on myosin (Table 4) is significant. The relatively compact serum 
albumin molecule apparently somehow uncoils, under the influence of 
urea, into a more elongated form, '^’-hereas myosin is broken up into smaller 
and less asymmetrical molecules, ux both cases, it is probable that certain 

Table 4, Effect of Denaturing Agents on Viscosity of Rabbit 
Myosin at High Velocity Gradient 
Myosin concentration, 4.96 x gm. per cc. of solution « 3.72 X 10"^ cc‘. 
per cc. of solution 


Substance added to O.S m KCl in solvent mp 

None 1.80 484 

0.10 m glycine 1.80 484 

1.5 M NH 4 CI 1.45 390 

0.62 M guanidine HCl ’ ! * . 1.40 376 

1.06 M guanidine HCl 1.04 279 

2.14 M guanidine HCl 0.64 145 

3.24 M guanidine HCl 0.36 97 

2,5 M urea. . ! ‘ 0.84 226 

5.0 M urea 0.34 91 


From Edaall, J, T,, and Mehl, J, W., J. Biol. Chem., 133, 409 (1940). 

relatively weak linkages within the molecule are ruptured under the 
influence of the urea. The studies of Anson and Mirsky^^ have indicated 
that the viscosity of solution of ''globular” proteins, such as egg albumin, 
hemoglobin and edestin, is increased by reagents such as urea; whereas 
the measurements of Frampton and Saum"^® on tobacco mosaic virus in- 
dicate that urea has an effect on this substance qualitatively similar to its 
effect on myosin. (Compare the discussion in Chapter 19, p. 435.) ^ 

Double Refraction of Flow in Peotein Solutions 

It was discovered by Maxwell^® in 1870 that Canada balsam, although 
isotropic at rest, becomes birefringent on flowing under shearing stress, 

Weber, H. H. and Stdver, R., Biochem, Z., 259, 269 (1933). 

Anson, M. L. and Mirsky, A. E., J, Qen. Physiol., 15, 341 (1932); see also Astbury, W. T., Dickinson, S. 
and Bailey, K., Biochem. J., 29, 2351 (1936). 
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the birefringence disappearing as soon as the stress is removed. Similar 
observations on liquids were made about the same time by Ernst Mach in 
Vienna, and further studies of the phenomenon were made by other 
workers^^ in the following twenty-five years. The phenomenon was found 
to be particularly marked in certain types of colloidal solutions, and 
especially in sols of benzopurpurin and, vanadium pentoxide, which were 
studied in great detail by Zocher, Freundlich and their coUaborators . 
The V2O6 sols were shown to consist of needle shaped particles, which were 
small in freshly prepared solution, but on ^^aging’^ became greatly elongated. 
Correspondingly the amount of double refraction of flow increased greatly 
with time in any given preparation. 

The first protein found to show well-marked double refraction of flow 
was myosin, the principal structural component of the muscle fiber 



p P' 

(a) (b) 


Fig. 4. Orientation of particles in a doubly refrac-’vi- H b. ';ween con- 

centric cylinders; (a) particles, each schematically ' ■ ■ ■': :»> ■. .5“.-: indicating 
its optic axis, at rest; (b) orientation due to motioii r' ■■■::! .. cy “ From v. 
Muralt, A., and Edsall, J. T,, J. Biol. Chem., 89, 315 (1930). 


already discussed in this chapter because of its extremely high viscosity 
increment and the great change of the viscosity of its solutions with 
velocity gradient. 

Concentric Cylinder Apparatus; the Cross of Isocline and the Extinction 
Angle. The form of apparatus employed by von Muralt and Edsall^^ was 
the same in principle as that used by many previous workers. Essentially 
it is a concentric cylinder apparatus, similar to the Couette viscometer, 
except that the inner cylinder is not suspended from a torsion wire, but is 
held rigidly fixed. Nicol prisms (or Polaroid discs) are placed above and 
below the annular space between the cylinders, in which the fluid moves, 
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and a parallel beam of light is passed through the system. If the Nicol 
prisms are crossed, and the liquid is at rest, the whole annular space re- 
mains dark (Fig. 4), since the molecules are oriented at random. If the 
outer cylinder is now set into motion, the very elongated myosin molecules 
are now partially oriented by the velocity gradients in the liquid. The 
annular space becomes bright, except. ion. a dark cross — ^the ^^cross of 
isocline.^^ A crystal behaving in this fashion is called a sphero-crystal; 
its optic axis is not linear, as with ordinary crystals, but is arranged with 
circular symmetry about a center. The stream lines in the liquid at any 
point are normal to the radius vector drawn from the center of the inner 
cylinder to that point, (The radius vector and the stream lines in Fig. 
4 both, of course, lie in the plane of the paper). The optic axis of the 
element of liquid situated at that point does not in general coincide ^vith the 
stream lines, but is inclined to them at an angle x? the extinction angle. 
Therefore at a point in the liquid which is separated from the plane PP 
or AA in Fig. 4 by the angle x, the optic axis is parallel to one of these 
planes. The light from the polarizer passes through the liquid at this 
point without change of its state of polarization, and is therefore extin- 
guished by the analyzer. In other portions of the field, however, this is 
not true; the light is elliptic ally_ polarized, and part of it passes through 
the analyzer, so that the field remains bright®^ Such a system may be 
characterized by the angle x between the stream lines and the optic axis 
of the flowing liquid; and by the magnitude of the double refraction, 
Tie — no. Here Ue is the refractive index for light polarized so that its 
electric vector vibrates parallel to the optic axis; no is the corresponding 
refractive index for light vibrating perpendicular to this axis. Values 
of these functions for rabbit myosin solutions of varying concentrations 
are shown in Fig. 5 and 6. In Fig. 5 the orientation of the optic axis is 
expressed, not by the angle x, hut by its complement, the “angle of iso- 
cline, ^ = 90° - X- It is seen that in very dilute solutions and at low 
velocity gradients the optic axis approaches a position at 45° to the stream 
lines; at higher velocity gradients the optic axis shifts toward the stream 
lines, although it always in these experiments remained at least 12° from 
them, Boehm and Signer however, found that preparations of ovo- 
globulin show double refraction of flow, with the optic axis always parallel 
to the stream lines (x = 0°; = 90°) even at low velocity gradients^^ and 

they concluded that the protein molecules responsible for the effect were 
very elongated. At the opposite extreme is the behavior of small molecules 
(alcohols, fatty acids, etc.) which show slight double refraction of flow at 
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Fig. 5. The angle of isocline ^ is plotted against the speed of rotation of the exter- 
nal cylinder for various concentrations of a preparation from a perfused rabbit. 
Curve 1, concentration 2240 mg. of N per liter, rj'rei. 16.5; Curve 2, concentration 1790 
mg. of N per liter, 10.6; Curve 3, concentration 1345 mg. of N per liter, rj'roi. 
6.5; Curve 4, concentration 450 mg. of N per liter, 17 'rei. 2.2; Curve 5, concentration 
225 mg. of N per liter, v'tai. 1.48. From von Muralt, A., and Edsall, J. T., J, Biol. 
Clem., 89, 315 (1930). 



very high velocity gradients®^ In these systems invariably % * 45° at 
all attainable velocity gradients. 
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^ The curves of double refraction as a function of velocity gradient (Fig. 6) 
rise steeply at first, and then become flatter, but never become horizontal 
within the region experimentally studied. On the other hand, the smaller 
substances for which x - 45® give double refraction values which are 
directly proportional to the velocity gradient. 


Double Refraction of Ellipsoidal Molecules in Parallel Orientation 


We may now consider the interpretation of results such as these, con- 
sidering first the limiting case of a completely oriented system of parallel 
ellipsoidal molecules (refractive index Ui) imbedded in a medium of re** 
fr active index n^. Such a system was considered by Wiener^, w’ho deduced 
that the system as a whole should be optically anisotropic even if both 
components are in themselves isotropic. For the case in which the im- 
bedded molecules (or micelles) are small compared with the wave length 
of light, Wiener obtains, if the particles are elongated ellipsoids wdth long 
axes parallel, for the difference between the two refractive indices and n^: 


(5i + l)n| + 


(40) 


while if the ellipsoids are flattened platelets, with short axes parallel, the 
double refraction is negative: 


— ^1^2(711 — niy 

yfrg 7lo ~ — K z — 

61^1 + 62^2 


(41) 


In these formulas is the volume fraction of the parallel molecules, 
that of the surrounding medium. Thus if ni = rh, the system is isotropic, 
unless the molecules themselves are optically anisotropic. Systems of 
the type postulated by Wiener are found in many natural fibers, such as 
muscle, tendon, nerve and many plant fibers^^• artificial protein fibers of 
the same sort are also readily produced by various techniques. Fig. 7 
shows the double refraction of a gelatin fiber and of a myosin fiber, pre- 
pared by Weber^®, when imbedded in media of different refractive indices, 
na. In both cases the double refraction of the fiber is a minimum near 
na » 1.57, which may be taken as the refractive index of the protein. 
The gelatin fiber shows no double refraction at this minimum, indicating 
that the internal structure of the fiber is isotropic. The myosin fiber, 
however, is birefringent (n^ ~ no ^ 6 X 10”^) even at the minimum, indi- 
cating an organized, anisotronic structure within the fiber irmlemlea 
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L30 1.40 L50 1.60 1.70 nj 


Figure 7. 

Double refraction of myosin 
fiber (a) and gelatin fiber (b) 
as a function of the refractive 
index (riz) of the immersion 
medium. From Weber, H. H., 
Arch. ges. Physiol., 236, 205 
(1934-35). 


Theory of Double Refraction of Flow; Determination of Rotary Diffusion 

Constant 

In solution, however, such anisotropic molecules are not aU in parallel 
alignment, on account of their Brownian movement. In the presence of a 
. velocity gradient, however, their distribution is not entirely random. The 
problem of calculating the angle x and the double refraction as ’a function 
of the velocity gradient and the rotary diffusion constant of the molecules 
was first successfully attacked by Boeder^ To simplify the problem, 
he treated in detail only the two dimensional case, in which the major 
axes of all the molecules lie in a single plane; also he confined the treat- 
ment to rod-shaped molecules of negligible cross dimensions (correspondiug 
to the limiting case of an ellipsoid with the 6 axis = 0). It is necessary 
to evaluate the function p(</)) defined in equation 1; that is, to calculate 
the relative numbers of molecules oriented at any given angle <t> to the 
stream lines. The situation of any molecule corresponds to that shown 
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number of particles having orientations within these limits is p((fia)d4>- 
If we denote by os the angular velocity of the particles due solely to the 
streaming of the liquid — ^neglecting, for' the moment, the Brownian move- 
ment — ^then the number of particles which may be said to stream into this 
region at <jso in unit time, is The number streaming out at <^>o + 

is (pc<))^„+d*. The difference of these two expressions gives the time rate 
of alteration of p due to the streaming; 



The angular velocity os is given by equation 34, taking 5 = 0, since the 
thickness of the molecule is negligible, 


Cl) 



-p sin^ 4> 


( 43 ) 


On the other hand, the change of p with time, due to the Brownian move- 
ment alone, is given by- 3 



( 3 ) 


The total rate of change of p with time at any point is given by the sum 
^ of 42 and 3 

^ = e ^ ■ (44) 

dt d(t>^ d4> 


If the system has reached a steady state, then we may set — = 0 m 44. 
In this case, the right hand side of (44) may be integrated to give 

0^ - pa, = Const. (45) 

dcj) 

or, dividing by 0 and making use of 43 : 

^J. + apsm^<l, = C (46) 

dcj> 

where we have, as previously in this chapter, set a = |3/0. This differential 
equation was solved by Boeder, and the results are presented graphically 
in Fig. 8, in which p is plotted as a function of for various values of a. 
When a is .very small, p is found to be a maximum for ^ = 45°, but the con- 
centration of particles in this orientation is only slightly greater thgn for 
other values of <ls. As a increases, the value of ^ at which p is a maximum 
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value of p becomes more and more pronounced; the increase in the ob- 
served value of double refraction is determined by the increasing height 
of this maximum. It is unnecessary to reproduce in detail the steps by 
which Boeder calculates the optical properties of the system from the 
orientation of the particles; the results are shown in Fig. 9, where x 
the double refraction are shown as a function of a. The maximum value of 
the double refraction, corresponding to complete orientation of the parti- 



<i> 


Fig. 8. The orien^tion distribution function, p, as a function of d> for various 
values of a - /3/e. From Boeder, Fhysik, 76, 273 (1932). 


cles, is arbitrarily set equal to The values of % between a =3 0 and 
a - 15 have been tabulated by Boeder (Table 5) . Thus a single determina- 
tion of X in a birefringent flowing liquid serves to determine a corresponding 
value of a - /?/e. Since the velocity gradient is known from the dimen- 
sions of the apparatus and the angular velocity of the outer cylinder, this 
fixes the value of 0. The lenerth. 2a. of the mnlecnlp mnv thpn hi nah 
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ciliated from equation 12b, for an elongated ellipsoid, taking a very roughly 
estimated value of a/b; or the diameter 26 for a flattened ellipsoid, using 
equation 16b. 

Boeder s treatment is limited to thin, rod-shaped molecules, and his 
complete analysis is given only for the case of orientation in two dimensions. 
He has, however, given a less complete treatment for the problem of orienta- 
tion in three dimensions. For low values of a he derived the approximate 
formula for the extinction angle, x (expressed in radians) : 


X == 


1 

2 



a 


TT 

4 




(47) 



Parameter a ^ 

Figure 9. Extinction angle, Xj and double refraction, A, of a solution of thin rod- 
shaped particles. The limiting value of A, corresponding to complete orientation, is 
set equal to Abscissa: a = ^/0. Ordinate: x or A. From Boeder, Z, Physik.. 
76 , 273 ,( 1932 ). 


Recently Peterlin^^ and Peteiiin and Stuart^® have calculated the orienta- 
tion of ellipsoids of revolution by a velocity gradient, and have developed 
a very complex mathematical expression for the orientation distribution 
function in three dimensions, as a function of a and of the axial ratio (a/b) 
of the ellipsoids. They obtain for x at low values of a: 


4 12 


/ 24a^~6^ 

108V^ + 6^ 


:)-l 


X 


(48) 



536 


PROTEINS, AMINO ACIDS AND PEPTIDES 


which, for small a values is seen to be practically identical with 47 . When 
the extinction angle is not far from 45° these equations are preferable to 
the data of Table 5 as a basis for calculating the rotary diffusion constant 
from the extinction angle. 

Since the calculated values of 0 are very nearly inversely proportional 
to the cube of the molecular length, the error in the calculated length is 
much smaller than the error in 0®’. We may employ equation 47 or 48 
to calculate the length of the myosin molecule from the data shown in Fig. 
5. For the most dilute solution studied, ^ ~ 53° and x s I’Pnij 

corresponding to ,8 = 10 sec“^ From Equation 47, the corresponding value 
of a is very nearly 1.3. Hence 0^7 sec“\ Substituting this value in 
equation 12b, taking i) as the viscosity of water, which is 0.016 at 3° 
(the temperature of the experiment), and setting a = 1006 for calculation, 
we find a = 5800 k] the length of the molecule, 2a, is thus about 11600 A, 
or very nearly the same as the length of the anisotropic band in a striated 
muscle fiber. Changing the estimated value of a/6 by 500% alters the 
estimated length by only 10%®'*. 

Table 5 

The Extinction Angle, as a Function of «(« j8/0) 
ax « X 


0.0 

46" 

3.5 

25°50' 

0.5 

41°27' 

5.0 

22° 

1,0 

38"15' 

7.5 

17°30' 

2.0 

32"13' 

10.0 

15° 


P. Boeder, Z. Phynk, 75, 274 (1932). 


Effect of Chemical Agents on Double Refraction of Myosin 

Double refraction of flow in myosin is reduced, to the point where it 
becomes undetectable at low velocity gradients, by many very mild chemi- 
cal reagents. Von Muralt and Edsall^® found that concentrated urea 
solutions, and more dilute solutions of iodides and thiocyanates, caused 
the double refraction to. disappear; recently Edsall and Mehl^^ have shown 
that the same is true, not only of all the commonly recognized denaturing 
agents, but of many substances not commonly classed in this category. 
Among the latter, the chlorides of the divalent cations, calcium, magne- 
sium and barium, were found to be particularly effective, causing disap- 

Werner Kuhn (Z. physik. Chem. (A), 161, 427,(1932) and Kolloid-Z,, 62. 209 (1933) has dealt with double 
refraction of flow ari'ir.i? fr.-jm dofnrir.nli;>!i of elastic molecules produced by the stresses in the flowing liquid. 

He gives a cm >;(■ . I ‘ig. i in i iie .m-cmiso p.-i;'.*- -.v -.' ' ' ■ • ^ « in systems of this type. This 

curve IS very uuw-o.-.! ;rj, -in J :g. .• orientation of rigid curves. The 

X — a curvra so far obtained for proteins resemoie i'lg. y mucn more closely than they do Kuhn’s curve. It 

'■ y ■' this and other lines of evidence that proteins are relatively rigid structures, and that 

\p”'i ' ‘■ys only n minor role in the. phenomena discussed in this chapter. See also W. Haller, 
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pearance of double refraction within a few minutes at concentrations of 
0.3 molar, or less. Ammonium, methylammonium and lithium salts had a 
similar action at somewhat higher concentrations. Guanidine hydro- 
chloride, now recognized as a powerful denaturing agent for many pro- 
teins , causes disappearance of double refraction at concentrations between 
0.2 and 0.3 molar, while urea produces this effect only at concentrations 
several times as high. All these substances were effective at low tempera- 
tures and pH 7. In solutions alkaline to about pH 10.2 there was also a 
rapid disappearance of double refraction of flow; likewise in solutions acid 
to pH 5. These effects were found to be essentially alike for myosin from 
rabbit leg muscle and from lobster claw and tail muscle, and are therefore 
apparently characteristic of the myosins as a class. 

These phenomena are best interpreted as reflecting a breakdown of the 
very elongated molecules of native myosin into smaller and less asymmet- 
rical molecules a conclusion borne out by the simultaneous fall 
in viscosity observed in such solutions (see Table 4). The solubility of 
the myosin in salt solutions is not diminished by the action of these rea- 
gents, and may even be increased. Although many of the same reagents 
produce striking effects upon the titratable sulfhydryl groups of myosin®^ 
there is no systematic correlation whatever between changes in double 
refraction of flow and changes in sulfhydryl groups. The nature of the 
labile linkages in native myosin which arc split by these very mild reagents 
still remains to be discovered. 

Very similar behavior has been found by Greenstein and Jenrette®^^, 
who have studied the effect of various reagents on double refraction of flow 
in sodium thymonucleate. Guanidinium halides are particularly effective 
in this case also in producing a profound diminution of double refraction 
of flow. In sodium thymonucleate solutions, however, the double refrac- 
tion is restored on removal of the agent which produced it, whereas the 
double refraction of myosin is not restored by washing out the denaturing 
agent®'*^^ 


Tobacco Mosaic Virus 

Notable among the proteins showing intense double refraction of flow 
is tobacco mosaic virus, which was first studied in this connection by 
Lauffer and Stanley®^. This remarkable nucleoproteiu, like myosin, is 
very sensitive to changed of pH and salt concentration; but unlike myosin, 
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it tends to pass into aggregation products which are larger and longer 
than the original untreated virus in the native state. Such changes are 
well shown by Figs. 10 and 11, taken from studies carried out Mehl“ on 
a virus preparation provided by Stanley. The original material, dissolved 
in phosphate buffer at pH 6.8, showed well marked double refraction 
(Curve 4 in Fig. 10), but double refraction increases very greatly when the 
pH is changed to 4.5 (Curve 1); and this change is only partially reversed 
when the pH is brought back to 6.8 (Curve 3). Fig. 11 shows the extinc- 
tion angle in these same solutions as a function of the velocity gradient. 
For the original virus at pH 6.8, Mehl calculates a rotary diffusion constant 



Figure 10. The double refraction of tobacco mosaic virus. Temperature 2-3°. 
Curve 1, open circles pH 4.5, closed circles pH 5.35. Curve 2, pH 6.0. Curve 3, pH 
6.8, after having been at pH 4.5. Curve 4, original measurements at pH 6.8. From 
Mehl, J'. W., Cold Spring Harbor Symp. Quant. BtoZ., 6, 218 (1938). 

of 25 sec”^ at 2°, corresponding to a length of about 5800 A. In the solu- 
tion at pH 4.5, the rotary diffusion constant is approximately 0.75, cor- 
responding to a more. than threefold increase in length. On returning to 
pH 6.8, 0 rises to about 3.4 sec~’\ still far below the original value of 25 
sec*"^ at this pH. It is probable that even the molecules in the original 
solution at pH '6.8 were larger than molecules of the native virus, since 
this material had been prepared by chemical methods, while the later 
preparations obtained by the ultracentrifuge showed higher virus activity 
and apparently a lower state of aererftP'atinn®^’ Tf 




ROTARY BROWNIAN MOVEMENT 


539 


direct estimates of the size and shape of this virus have now been obtained 
from studies with the electron microscope®’. These revealed the existence 
of discrete rod-like particles, about 3300 A in length and 150 A in cross- 
section. The latter is in excellent agreement with the estimate of 1*50 A 
for the cross-section made by Bernal and Fankuchen®^ from x-ray diffrac- 
tion studies. (See Chapter 14). It is to be hoped that in future observa- 
tions by all these different techniques, and others, may be made on a single 
sample of pure virus protein; since at present the observations of different 
workers on different preparations are often not strictly comparable. It is 
clear, however, that double refraction measurements can give valuable 
information about the lengths of these highly asymmetrical molecules, 
in harmony with results obtained by other methods. 



<3 

Figure IL The extinction angle of tobacco mosaic virus as a function of the ve- 
locity gradient. Curve 1, open circles pH 4.5, closed circles pH 5.35, curves for B of 
0.5 and of 1.0. Curve 2, pH 6,8 after having been at pH 4.5, curves fore of 3 and of 5. 
Curve 3, original at pH 6.8, curves forO of 20 and of 30. From Mehl, 

J. W., Cold Bprini: Quant. Biol., 6, 218 (1938). 

Influence of Polydispersity 

Boeder\s treatment, on which our discussion has been based, assumes 
that the solute molecules are monodisperse. It has been shown by Sadron®® 
that polydisperse systems may show very divergent behavior. In such 
systems, values of may be found in which x increases, instead of decreas- 
ing, with increasing 13. In a system composed of two constituents, with 
different values of 0 and opposite signs of birefringence for the particles, 
X may move across the stream lines, as the velocity gradient increases, 
and become less than 0°. Sadron has demonstrated experimentally the 
existence of such systems; for example a mixture of methylcellulose (posi- 


«7 Ci A V rr xr. 
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tive) and sodium thymonucleate (negative) reproduces semi-quantitatively 
the effects predicted by the theory. 


Table 6. Rotary Diffusion Constants and Approximate Lengths of Certain 
Proteins and of- Sodium Thymonucleate 


Substance 

Ref, 

Temp. 

0 (sec~9 

Length, 2a 
in Angstroms 
(from Eq. 13) 

Myosin (rabbit) 

(1) 

3 

7 

11,600 

Myosin (snail) 

(2) 

25 

ca. 1 

ca. 28,000 

Myosin (octopus) 

(2) 

25 

3, 5 

18,000 

Tobacco mosaic virus, pH 6.8 . . 

(3) 

3 

25 

7,200 

Tobacco mosaic virus, pH 4.5 . . 

(3) 

3 

0.75 

24,000 . 

Sodium caseinate (in l.bW 





Na2S04) . 

(4, 5) 

20 

700 

2,200 

Helix hemocyanin 

( 6 ) 



890-960 

Horse antibody globulin, M.W. 





990,000 

( 6 ) 



1,280 

Fibrinogen 

( 7 ) 

20 

ca. 1200 

ca. 1,800 

Sodium thymonucleate 

(8, 9) • 

20 




(13) 


180 

4,500 


The lengths given here are not always those given in the original communications* 
Mehl (3, 2) and Nitschmann and Guggisberg (5) have used the equation of Werner 
Kuhn (10) for the length S: 


SET 

TrrjS^ 


The results given here, however, are all still attended with some uncertainty. The 
value of a/h was taken as 100 for myosin, and for tobacco virus at pH 4.5, in applying 
equation 13 ; it was taken as 60 for tobacco virus at pH 6.8 and as 5.8 for Na casemate in 
l.hiV Na 2 S 04 , the latter being the value estimated (5) from viscosity measurements. 
The same value of a/b was arbitrarily chosen for fibrinogen and the value of 200 for 
sodium thymonucleate. 

The sodium caseinate solution in 1.6W Na 2 S 04 was certainly highly aggregated: 
many of the casein solutions studied by Nitschmann and Guggisberg (6) consisted 
of much smaller particles. 

Tobacco mosaic virus has also been s^died by Kausche, Guggisberg and Wissler 
(9) and by Robinson (11), with results in generally good agreement with those of 
Mehl (3). 

For references to other proteins on which qualitative studies have been made, see 
Edsall (12). 

The double refraction of all protein solutions yet studied is positive; that of 
sodium thymonucleate is negative. 


r \ 218 (1938). 



. / 
. .1 




( 1941 ). 

403 (1941). 


iU. 


i'll. 




303 (1939). 


■2 }■ 


UUm, xboo, p. Oi/ . 

(13) Wissler, A., Thesis, University of Bern (19^0). 
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opposite signs of birefringence; the negative component is presumably of the 
nature of a lipoid, since globulin treated with acetone and ether at 0^^ 
to remove lipoids behaves like a single component with positive bire- 
fringence. Globulin in aqueous salt solution, even without acetone-ether 
treatment, behaves like a single component, indicating that the lipoid is 
bound to the globulin as an integral part of the molecule under these condi- 
tions. Treatment with glycerol presumably decomposes the complex. 

Studies on Other Proteins ; the Lengths of Protein Molecules 

Several serum albumin fractions were also studied by Sadron, Bonot and 
Mosimann. Crystalline serum albumin, like egg albumin, was found to 
show no dbuble refraction of flow even at the highest velocity gradients 
attained (around 40P00 sec ^). A very soluble fraction, analogous to the 
glycoprotein of Hewitt, showed slight double refraction; and certain inter- 


Table 7. Lengths of Certain Protein Molecules from Sedimentation and 
Diffusion and from Double Refraction of Plow 


Protein 

Molecular 

Weight 

Ifh 

Length, 2a (A) 
Sedimentation 
and Diffusion 

Length, 2a (A) 
Double 
Refraction 

Hemocyanin {Helix) 

8,900,000 

1.45 

1130 

890 

Hemocyanin {Helix) 

4,300.000 

1.40 

820 

890 

Hemocyanin {Helix) 

1,030,000 

1.79 

820 

960 

Antipneumococcus serum globu- 
lin (horse) 

910,000 

1.86 

960 

1280 


k mrt i J »L I 


ij.tu Ik kkj iimU iMUUXi atlur .■ .'-is. 

from double refraction of fic ■■ ■ ■ ■■ r , O . and Bjornst&hl, Y,, KoUoid Bnhefte, 52, 403 

(1941). 

mediate fractions showed still more; but all were much less birefringent 
than the globulin solutions under comparable conditions. These observa- 
tions show that, with the very high velocity gradients available with 
Sadron^s excellent apparatus, proteins which are only slightly asymmetrical 
may be studied by the methocl of double refraction of flow. 

Determinations of double refraction of flow have now been made on 
several proteins with sufficient accuracy to allow an approximate calcula- 
tion of length. It must be remembered in interpreting such, data that 
nearly all the preparations hitherto studied are polydisperse. In con- 
sequence of this the values of the rotary diffusion constants determined 
at low viscosity gradients reveal mostly the influence of the longest particles 
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sion constants and lengths for a number of proteins are given in Table 6. 
The lengths as reported here are undoubtedly greater in almost all cases 
than the mean lengths of the molecules in the preparation, but they should 
give a very good idea of the approximate dimensions of the molecules 
involved. The values for hemocyanin and for horse antibody globulin are 
probably the most reliable as the preparations studied were also examined 
in the ultracentrifuge and found to be monodisperse. For these proteins 
it is possible to compare the lengths calculated from sedimentation and 
diffusion data .with those calculated from double refraction of flow. The 
results are shown in Table 7. The study of Helix hemocyanin molecules 
of three different molecular weights was possible because of the reversible 
dissociation which this protein undergoes at different pH values and salt 
concentrations (Chapter 19, p. 439). It is interesting to note that the 
lengths of all three sizes of hemocyanin molecules are nearly the same; 
suggesting that the splitting of the largest molecule, when it dissociates, 
takes place parallel to the long axis. On the whole, the agreement be- 
tween the lengths estimated by the two different methods is satisfactory, 
in view of the uncertainties involved in the measurements and calcula- 
tions, from the ///o values and from double, refraction of flow. Further 
studies on double refraction of flow in conjunction with studies of sedimen- 
tation, diffusion, dielectric dispersion and viscosity should yield increasingly 
accurate estimates of the shape of the proteins. 



Chapter 22 

The Electric Moments and the Relaxation Times of 
Proteins as Measured from their Influence upon the 
Dielectric Constants of Solutions 

By J. L. Oncley 

Measurements of the dielectric constants of solutions of a fairly large 
number of proteins have been attempted, and give results which are of 
considerable importance. In Chapter 6 where the dielectric constants of 
amino acids and other simple dipolar ions were considered, it was pointed 
out that the dielectric constant is a function of the frequency of the electric 
field, and that measurements of dipolar moments require the use of suffi- 
ciently low frequencies to give dielectric increments which are independent 
of the frequency, and identical with the value determined in a static field. 
A brief discussion of the change of the dielectric constant with frequency 
called dielectric dispersion will be of aid in understanding certain problems 
which arise in the study of protein solutions. 

Simple Theory^ 

The dielectric constant, JD, of any polar liquid or solution can be inter- 
preted as being almost entirely a measure of the number of molecules 
oriented by an external electrical field of unit strength. These molecules 
are oriented by a torque depending on the field strength and the dipole 
moment, /i, a constant for each molecular species. Orientation is hin- 
dered by the frictional forces in the solution depending on the frequency 
p, and a constant r, designated as the “relaxation time'^^ Thus we find 
that the number of molecules oriented at unit field strength will decrease 
in the frequency region where the hindering frictional forces and the ori- 
enting torque become of the same order of magnitude. At lower frequen- 
cies the orienting torque is sufficient to overcome completely the resisting 
forces, and we have a high dielectric constant, Dq\ At very high frequen- 
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cies the resisting forces completely overcome the orienting torque and we 
again have a constant but low value of D. 

If we now consider a binary mixture of two polar molecules (dipoles), 
we find a more complicated behavior. Fig. 1 represents the typical varia- 
tion of dielectric constant with frequency for such a mixture when the 
relaxation times of the two components are quite different. The figure is 
divided into five regions, each of which exhibits a different dielectric be- 
havior. In region A the orienting torque acting on dipoles of both types 
is sufficient to overcome all frictional forces and we find both being oriented 



and a constant and high value of D, designated Do. ' In region B, however, 
the frictional forces on dipoles with the larger relaxation time can no longer 
be neglected, the orientation of the larger molecules is no longer inde- 
pendent of the frequencies, and we find a region of decreasing dielectric 
constant. In region C this frictional force has overcome completely the 
orienting force in the case of the large molecules and they then contribute 
veiy little to the dielectric constant. The dipoles of smaller relaxation 
c+;il nf thft freniipncifis. and we 
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D represents a region of decreasing orientation of these smaller molecules, 
and E a region of no orientation at all of molecules of either type- The 
dielectric constant here is very low, differing from unity only because of 
some energy stored in the dielectric by the distortion of the electron and 
nuclear positions in the molecules (atomic and electronic polarization), and 
this contribution is small when compared with that of the orientation of 
highly polar molecules. 

In the case of aqueous solutions of the amino acids and peptides the 
regions B, C, and D are very close together, since the relaxation time for 
water is of the order of 10"'' sec, while that of the amino acids and simpler 
peptides is 10 sec. Further, it is very difficult to make measurements 
in any but region A, since a relaxation time of 10“^“ sec would not show 
much dispersion at frequencies below 10^ cycles per second (wavelengths 
above 3 meters). 


XABitS 1. Dielectric Increments op Certain Proteins Amino Acms, and 

Peptides at 25 ’ 


Substance 

a-AIanine 

Glycine 

/?~Alamne. 

7 ~Aminobutyric acid 

Diglycine 

c-Aminocaproic acid, 
t-Aminoheptoic acid 

Triglycine 

Heptaglycine 

Lysylglutamic acid.. 



* Taken largely from Oncley, J. L., J. Phys. Chem., 44, 1103 (1940). 


When we consider molecules with much larger relaxation times, such as 
the proteins, we have quite a different situation. The proteins which have 
been studied have given relaxation times whose order of magnitude vary 
from lO""® to 10"* sec, so that regions B and D are quite clearly separated, 
and measurements can very frequently be made to cover regions A, B and C 
by using frequencies of from lO’ or 10^ to 10^ cycles per second (wavelengths 
from 300,000 or 30,000 to 30 meters). 

The low-frequency dielectric increments of a number of proteins, (as 
measured in region A) designated by the symbol ADo/g, have been recorded 
in Table 1 . Here AHo — Do ~ D°, where D® is the dielectric constant of the 
solvent, and g is the concentration of solute in grams per liter. Values of 
ADo/g for a few selected amino acids and peptides, as calculated from t e 
PmnU.f.lAn AT), /n «« H/llf oro qIca iri TqKu 1 tKa increments of 
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would, of course, be of a much larger order of magnitude for the proteins 
because of their high molecular weights. 

Calculation of Dipole Moments 

The interpretation of these dielectric increments obtained in polar sol- 
vents has been discussed in Chapter 6. Most of the equations derived there 
could be equally well applied here, but since we are also in a position to 
obtain measurements of the “high frequency^' increment per gram, AD^/gr, 
in region C we can eliminate, some of the approximations previously intro- 
duced, which is especially important for some proteins with small ADo/^ 
values. We may write the equation 


^ mmT/^rNh][M{^D,/g ~ ADJg)] (1) 


where ADo/g and AD Jg are the dielectric increments per gram at very low 
(region A) and very high (region C) frequencies, N the Avogadro's number, 
k the Boltzmann^s constant, T the absolute temperature, and fi the electric 
moment of a single molecule in solution. This moment is not necessarily 
equal to the moment of a single molecule in the gas phase, but is in general 
somewhat greater^. 

The parameter h may be evaluated in several different ways: 

(1) Direct application of the Debye theory to polar mcdia^ yields a 
value A = (Do 4- 2)(D^ -f 2)/3, which may be approximated by the equa- 
tion = (D^ -f 2)73 for solutions with sufficiently small increments. 

(2) Studies by Wyman and others indicate that h ^ {D - j) /p in pure 
liquids and h ^ (D - D^ - j) /pin binary mixtures, where p is the volume 
polarization and j another parameter. Wyman® suggests the values 
/i = 8.5 and i == -1 as best representing the bulk of the available data. 

(3) We may evaluate h by assuming values of {ADo/g - ADJg) and p 
for the glycine molecule. Various measurements^ indicate that p is close 
to 15, and we will choose this value. The total increment per gram may 
be taken as 0.38®. 

(4) Onsager has computed /i as a function of an internal refractive 
index, n, giving the result A == (n^ + 2)72 - 4.6[1 -f (n^ - 1) /3f , 


4 Kirkwood, J. G., J. Chem. Phys,, 7, 911 (1939). See p.lso Chapter 12. 

8 Oncley, J, L., J. Am. Chem, Sac , 60, 1115 (1938). 

fi Wyman, J., Jr., /. Am. CAem. Soc., 58, 1482 (1936); Chem. Rev., 19, 213 (1936). 
t Chem. Phys,, 2f 351 (1934)] estimates the moment, 15.0 Debye units, on the basis of studies 

20 salts on glycine at low dielectric constants by Cohn [Nalurwisaenachaften, 

Scatchard and Prentiss [/. Am. Chem, Sac., 56, 2314 (1934)] estimate the moment 14 8 
Debye units, on the basis of freezing point measurements. A value near 15 'Ls obtaine** ' ‘ 

' • ' ‘-positive and negative charges in the glycine molecule (pa' 

MclVfeekin, T. L. [/. Am- Chem. Soc., 65, 908 , . 

- _/no _ lu/tnnn ihn srwifi,, volume of irlvcine 
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(5) Kirkwood has presented a method for computing h in terms of the 
hindered relative rotation of neighboring molecules. He gives the equation 
N r®» 


4.5 


1 + 


fl f 
V J 


cos ye 


rWikT 


doy dv^ “ 4. 


5(1 + 




where j e doydv-l. Here y is the angle between the dipole moments 


of an arbitrary pair of molecules, and W is the potential between an arbi- 
trary pair of molecules. The integration extends over all relative orienta- 
tions (do)) and positions {dv) within a sphere of volume vq which includes 
the molecule and the first few shells of neighboring molecules. 

For the calculation of dipole moments it is convenient to modify equa- 
tion 1 to become 


M - aVM{/\Do/g ^ hDJg) ^ a^M{^Lt/g) (2) 


Table 2. Various Evaluations or h and q: fob Equation 2 and the 
Corresponding Values for the Dipole Moment op Glycine (7) 



h 

0“ 

Debye 

2160 

0.136 

Wyman 

8,5 

2.28 

Empirical — 

5.8 

2.76 

Onsager or 

Kirk- 


wood" 

4.5 

3.13 


" Minimum values for h. 


Dipole Onsager's 
Moment refractive Kirkwood’s 


a X 10« 
20“ 

25 “ 

of glycine 

P 

index 

n 

parameter 

P 

0,146 

0.149 

0.77 

8.1 

479. 

2.36 

2.38 

12.3 

1.457 

0.89 

2.86 

2.89 

15.0 

1.182 

0.29 

3.24 

3.28 

17.0 

1.000 

0.0 


Here a new parameter a — \/9000fcr/(4viV/i) = 0.403 X VT^^y/TJh has 
been introduced, and values of both h and this quantity at 0°, 20®, and 
25° are tabulated in Table 2. Values of n calculated from Onsager’s 
equation and of d calculated from Kirkwood’s equation are also given for 
the various values ol h. ' 


Methods op Measurement 

The measurement of the dielectric constants of protein solutions over 
an extended frequency range can be carried out by any of several methods 
which have thus far been devised and employed, classifiable as (1) bridge 
methods, (2) resonance methods, (3) force methods, (4) calorimetric 
methods”, and (5) various other methods, involving comparisons of phase 
and magnitude of the voltage across an unknown and a standard. 

(1) The bridge method involves the comparison of the resistance and 
capacitance of a cell containing the solution under investigation mth some 
arrangement of standard resistances and canacitances. Th^ -mfl-iu 
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of difBculty is in the selection of a suitable resistance standard. Apparatus 
used for the study of protein solutions is described by Errera^^ by Daniels, 
Mathews and Williams^^, by Oncley^' and by Ferry and Oncley^^. Appa- 
ratus suitable for such measurements has also been described by Cole and 
.Curtis,^®, and by Hemingway and McClendon^ ^ 

(2) The resonance method is widely used, especially for the higher range 
of frequencies (above 10® cycles per second). It involves the measure- 
ment of the resonance frequency of a circuit which includes a cell con- 
taining the solution. It has been widely used by Drude^® and others. 
Many modifications have been proposed, the most accurate of which is 
probably that of Wyman^^ Elliott and Williams^® have recently described 
a methqd applied to protein solutions. 

(3) The force method involves the measurement of the deflecting force 
exerted by an applied electric field upon a conducting ellipsoid suspended 
in the solution under investigation. It was originally described by Fiirth^^ 
and has most recently been applied by Shutt^^ and his co-workers. It is 
most effective at the low frequencies (10^ to 10^ cycles per second). 

(4) The calorimetric method involves the measurement of the expansion 
of the solution as a measure of the heating produced by an applied field of 
high frequency. It has been used for the study of various solutions by 
Malsch^®, Debye^^ Martin^® and others. Its application to protein solu- 
tions has been described by Shack^®. It is most effective at the higher 
frequencies, but is capable of use over most of the usual dispersion range 
for protein solutions. 

(5) Various other methods have been used for the measurement of the 
conductance and capacitance, or in some cases of the relaxation time 
directly, of a solution. Most of these methods depend upon the direct 
comparison of magnitude and phase of the voltage across an unknown and 
a standard capacitance, often by means of an oscillograph measurement. 
A recent publication of Marcy and Wyman^®*" describes such an apparatus. 


Errera, J., J. cMm. phys,, 29, 577 (1932), 

13 Daniels, F., Mathews, J. H., and Williams, J. W., “JSxperimental Physical Chemistry^K McGraw Hill, 
New York, 3rd edition (1941), p. 378. 

M Oncley, J. L., J. Fhys. Chem., 44, 1103 (1940), 

16 Ferry, J. D., and Oncley, J. L., J. Am. Chem. Soc., 63, 272 (1941). 

1“ Cole, K. S., and Curtis, H. J., Rev. Scien. Inst., 8, 333 (1937); Cold Spring Harbor Symp, Quant, Biol., 
4, 73 (1936). 

w Hemingway, A., and McClendon, J. F., Physics, 2, 390 (1932). 
isDrude, P., Z. physik. Chem,, 23, 267 (1897); 40, 635 (1902). 

12 Wyman, J., Jr., Phys. Rev., 35, 6^3 (1930) 

20 Elliott, M, A., E-i W-”'-- ^ , J, Am, Chem. Soc., 61, 718 (1939). 

21 Farth, R., Z.P'. .. ..“2. - ' ■ Handb. hiol. Arbeitsmelh., IIIB, 836 (1029). 

Shutt, W. J., 2 .30, 893 (1934); 

Shutt, W. J., anu jxogan, Jti., Proc. Roy. Soc. {London) A 157, 359 (1936); 

Dunning, W. J., and Shutt, W. J., Trans Faraday Soc , 34, 479 (1938); 

^ Carr, W., and Shutt, W. J„ Trans. Faraday Soc., 35, 679 (1939); 

*2® Mason, W. A-, and Shutt, W. J., Proc, Roy. Soc. (London) A 175, 234 (1940). 
wMalsch, J., Physik. Z., 33, 19 (1932); Ann. Phys,, 12, 866 (1932). 

M Debye, P., Trans, Faraday Soc., 30, 679 (1934), 

26 n 
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Methods (3) and (4) just discussed (force and calorimetric) are more 
time-consuming methods than (1) and (2), and are most useful in the study 
of certain special cases. For routine measurements, on the other hand, 
methods (1) and (2) can often be so consolidated that a wide frequency 
range can be covered with the same cells and standards, or at least with 
a minimum of such equipment. 


Electrode Polarization 


One of the most serious difficulties involved in measurements by any of 
these methods is the complication introduced by electrode polarization. 
This effect is most serious at low frequencies and high conductivities, and 
decreases in magnitude until it may properly be neglected at high fre- 
quencies or for solutions of very low conductivity. It is discussed in some 
detail by Cole and Curtis“, by Fricke and Curtis^^, by Oncley^, by 
Ferry and Oncley“, and by Shutt’’* and must be considered as a possible 
source of error in all work of this type. Correction for this effect was made 
very successfully at frequencies lower than 25,000 cycles for salt solutions 
and protein solutions*'^ by plotting capacities against and deter- 
mining B empirically as the slope of the resulting straight line. The 
dielectric increment AD is thus given by 


AD = (C* - - Cl)/Q (3) 

where Cx is the cell capacity at frequency v with the protein or salt solu- 
tion, (fx the cell capacity with conductivity water, and Q the cell constant 
{dCx/dD) . Below 25,000 cycles, however, the plot against v often was 
found to deviate from linearity, and it was no longer possible to correct 
for the polarization capacity effect by this simple procedure. To involve 
the least additional complication, a method of comparison between solu- 
tions of cciual conductivities has been employed. If the polarization cor- 
rection Is represented by + /(r), where /(r) takes care of the depar- 

ture from linearity of the v plot, and if /(r) should prove to be dependent 
only on the conductivity, but not on the nature of the solute, then the 
difference between the corrections of two solutions of different substanc^ 
or mixtures with the same conductivity should be proportional to »' • 

The two constants B and B' will in general not be the same, but their 
diff(!rcncc, AD, can , be determined from the plot of Cx - Cx against v , 
and the vahuis of AD obtained as 

ad = {Cx -Cx- ABv-^'^)/Q (3a) 

This mcdliod has been tested by a series of measurements comparing solu- 
tions of potassium chloride, ammonium sulfate, glycine (wth potassium 
chloride added to adinst t.b^ i--- 



550 


PROTEINS, AMINO ACIDS AND PEPTIDES 

Dielectric Increments 

Low-frequency Dielectric Increments 

The low-frequency dielectric increments of most proteins behave in a 
manner similar to those of the amino acids and peptides (Chapter 6). A 



Concentration (gm. /liter) 

globin^^^ frequency dielectric increments of carboxyhemo- 

0, Errera J Chim, PA^/s., 29, 577 (1932) Wyman, J., Jr., found ADJg values 
ot -U.ll, —0.14, and —0.11 for solutions of concentrations 4.0, 5.8, and 10.2 grams 
per liter, and the value AD^/g = —0.11 is used in this calculation. Oncley,i 
60, 1121 (1938). From Oncley, J. L., /. Am. Chem. Soc., 60, 1115 


linear relationship between the increment ADq and the concentration, 
usually expressed m grams per liter, has been observed in dilute solution, 
so that AD(\/a at low COnOAntrfl tiVxno ict o -I -J • <* 
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ADo/g is large, the increment per gram decreases somewhat (Fig. 3) . Thus 
we may write 

ADo - Eog - Fog^ (4) 

where Eq and F o represent parameters characteristic of the individual pro- 
teins. Terms in higher powers of g may sometime be required, but present 
indications are that the coeffici^..nts for these terms will be small, and 
negligible except in very concentrated soluaons. The observed decreases 
in the dielectric increment per gram, AD^/g^ in the case of very polar mole- 
cules, suggests that this effect may be due to electrostatic interactions 
between these molecules of high dipole moment. Ferry and Oncley^® found 
that the parameter F in equation 4 was in qualitative agreement with the 
calculations of Fuoss^^ for the decrease of polarization through electro- 



static interaction; the decrease should be greater for molecules of greater 
dipole moment and at lower temperatures. 

The effect of temperature upon the parameters and Fq of equation 4 
has been less thoroughly investigated. The coefficient a of equation 2 is 
seen to be proportional to the square root of the absolute temperature, so 
that a constant dipole moment would require that T(ADt/g) be constant. 
This is not quite true for the cases which have been studied (lactoglobulin 
and 7 -p 8 eudoglobulin), as can be seen by a reference to Table 3. These 
differences, however, are small, and may be within experinientai error. On 
the other hand, these differences might be real, and due to a change in 
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The change of low-frequency increment with pH has been studied for 
only a few protein molecules. Shutt^^^ has published results obtained when 
the pH of egg albumin solutions was varied from about 4.1 to 5.9 by the 
addition of sodium hydroxide or sulfuric acid. The increments he obtained 
are illustrated in Fig. 4, showing minima at pH 4.4 and 5.2, and a maximum 
in the isoelectric region. This central portion of the curve is similar to 
those obtained for various amino acids^^""'^^*^. Studies on horse serum 
7 -pseudoglobulin have been made by Oncley, Bateman, Pecher and Melin^® 
with the pH varying between 5.0 and 7.5 due to the addition of hydro- 
chloric acid or potassium hydroxide (Fig. 5). No maxima or minima were 
observed in this case, and the increment varied almost linearly with the 
pH, being largest in alkaline solutions. We cannot calculate dipole mo- 



Figure 4. 

Variation of low frequency dielectric 
increment (ADo) of egg albumin with pH. 
The value of ADo at the isoelectric point 
(pi) is set equal to unity in this figure. 
2.5% egg albumin, temperature 20®C. 
Data from Shutt.^^a 


ments for these solutions at pH values other than isoelectric, however, 
since it is necessary to know the ^^center of symmetry” of a charged ion 
before its dipole moment can be evaluated. A charged ion undergoes not 
only a translational movement when placed in an electric field, but also 
a rotational movement if the center of symmetry of the ion does not coin- 
cide with the center of charge This ejffect gives rise to an increased elec- 
tric moment, probably best described as the moment we would calculate 
for the electrically neutral assembly of charges obtained by considering 
the ion (with a charge of electronic units, say) and an additional charge 
of electronic units located at the center about which the ion rotates 
(its ^^center of symmetry”). Dipole moments calculated in the usual 
manner for such charged particles would accordingly be too large by a 
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factor whose magnitude depends upon the total charge of the ion, the 
location of the charge, and the symmetry of the ion. These new factors 
are for the most part unknown, so that we must be satisfied at present to 
calculate “apparent dipole moments”. In the case of the horse serum 
7 -pseudoglobuhn at 0° these vary from 1100 Debye units at pH 5 to 1400 
at pH 7.5. 



High-frequency Dielectric Increment 

The high-frequency dielectric increment has been measured for only a 
few of the proteins which have been studied. These values are recorded 
in Table 3. If we assume that the dielectric constant at high frequencies, 
AD^, is due largely to the contribution of solvent molecules (assuming the 
volume occupied by the protein to have a high-frequency dielectric con- 
stant of unity then we obtain the equation 

-ADJg = (D“ - l)t>/1000 (6) 

where v is the volume of water (in cc) displaced by one gram of anhydrous 
protein. We can set w = v + w/po, where po is the density of the solvent, 
V the partial specific volume of the solute (anhydrous),- and w the number 
of grains of water which appear to be associated with each gram of an- 
hydrous protein . If lo = 0 and w = 0.75, we obtain a value of — D„/g = 0.058 
for water at 25°, and 0.065 at 0°. The observed values are of this order of 
magnitude, but slightly larger. If we assume reasonable values for in”, 
the agreement is very good. In the cases where the low-frequency incre- 
ments arc quite large, values of the high-frequency increments are often 
estimated from equation 5 using v = 0.75. 

^ The vftiue of unity for the bigh-freauency dielectric constant of the protein is too small since it neglects 
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There are as yet no data available as to the variation of the high-fre^ 
quency increment with temperature, solvent, pH or concentration. The 

Table 3. Dielectric Increments and Dipole Moments op Various 
Protein Molecules 


Protein 

Solvent 


Temp. 

Eo 

Fo 


Et 

u 

A* 




(‘’CO 







Horse car- 










boxyhem- 
oglobin... . 

Water 


25 

0.33 

0 

0.09 

0.42 

67,000 

480 

Pig carbox- 









y hemoglo- 
bin 

Water 


20 




0.3 

<^67,000) 

410 

Myoglobin, . 

Water 


25 

0.15 


(0.06) 

0.21 

17,000 

170 

Insulin 

80% aqueous 

propy- 




0.38 

40,000 

360 


lene glycol 


26 







Insulin 

90% aqueous 

propy- 




0.29 

40,000 

310 


lene glycol 


25 






Insulin 

100% propylene glycol 25 




0.26 

40,000 

300 

/3-Lactoglobu- 










lin 

M/2 and M/4 glycine 25 

1.51 

0.025 

(0.07) 

1.58 

40,000 

730 

/3-LactoglobU‘ 








bin 

M/2 and M/4 glycine 0 

1.84 

0.047 

(0.08) 

1.92 

40,000 

770 

Egg albu- 










min 

Water 


25 

0.10 

0 

0.07 

• 0.17 

44,000 

250 

Horse serum 










albumin 










(carbohy- 

drate-free) 

Water 


25 

0.17 

0 

0.07 

0.24 

70,000 

380 

Horse serum 










7 -pseud 0 - 
globulin.. , 

Water 


25 

1.08 

0.017 

(0.06) 

1.14 

142,000 

1100 

Horse serum 







7 -pseudo- 










globulin. . . 

Water* 


0 

1.26 

0.023 

(0.06) 

1.32. 142,000 

1300 

Edestin 

2M glycine 


26 

0.7 


(0.1) 

0.8 

310,000 

1400 

Gliadin 

56% aqueous ethanol 

25 




0.10 

42,000 

190 

Secalin 

54% aqueous ethanol 

25 




1.0 

24,000 

440 

Zein 

72% aqueous ethanol 

25 




0.45 

40,000 

380 


symbol E„ will sometimes be used to represent the value of AD„/g at zero 
concentration, just as Eo represented the similar value of ADo/g. 

' Total Dielectric Increment 

In cases where proteins are dissolved in mixed solvents, there is some- 

fimpfi Hiffipnltv in PYfl.of.lv flpfinin<y tbo. ooTYmoflition of thp solvent sinoo one 
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and ADo/g, and we must be content with measurements of the total incre- 
ment, ADi/g. 

Dispbesion OB Dielectric Constant" ano Conductance 
Dielectric Dispersion 

The results which have been discussed have been obtained by the study 
of regions A and C as defined in Fig. 1. T’ study of the region B in 
which dielectric dispersion occurs is capable ol giving us information of an 
entirely different type. This dispersion has been found to be dependent 
upon the size and shape of the molecules, and gives us one of the most 
powerful methods for the accurate measurement of these quantities that is 
at present available. 

The quantitative behavior of the dielectric constant in this dispersion 
region is somewhat complex. Debye“ has treated the simplest case in- 
volving a single relaxation time, and obtained the equations 

D' = D« + (Pc - D J/(l + 

Here D' is the usual dielectric constant of the solution (often called the 
“real” dielectric constant), Po and P„ are the dielectric constants observed 
in regions A and C, respectively, v is the frequency, usually expressed m 
cycles per second, or megacycles per second, and Vc is the “cntical fr^ 
quency”, defined as l/(2rr), where t is the relaxation time, discussed in 

Chapter 21. . . j -.l- „i 

This simple theory, involving a single relaxation tune and critical ire- 

quency, can be extended to include the case of several relaxation times, 
giving 

P' == P„ + AA/(1 + rVn) + APj/(l + yM) + ■■• 
where APi, APs, etc., represent the total dielectric increments associated 
with the critical frequencies n, Vi, etc. The critical frequencies "e e e 
as before; that is, r.- = l/(2irn). It was shown m Chapter 21 that an 
ellipsoidal molecule would in general have three relaxation times but if 
we^restrict ourselves to ellipsoids of revolution, then we have only two 
relaxation times, r„ and n, and hence two critical frequencies, va and 
Equations of Perrin (equations 12-16, Chapter 21) give and t, m 
STof the ratio ot aaee of ft. elUp*.id, «/!.. ft. to. r. 

of a sphere of ft. same volume, and we can ftp. 2, 

terms of a/b and «. If AD, be taken M ft. sm^t ^ 
equation 7 can be eapr,^ m t.™« of “/‘f ' 
we can construct senes of curves of (P - P J/APf agains 
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are illustrated in Figs. 6 and 7, and numerical values are recorded in Tables 
1 to 8 of the appendix (p. 645). By comparison of the experimental curves 
obtained in region B (Fig. 8) with theoretical curves of this type, we can 



Figure 6. Dielectric disMrsion curves for elongated ellipsoids of revolution (ac- 
cording to Perrm), with AD„/Al»i = 1 and 9 = 45°. 



then evaluate a/h, ADJtD,, and The values of (or r„) are directly 
related to the molecular volumes, F, of the particles: 

V, = kT/{8T^ab\) = RT/{<Q7rV7,) = l/(2wro) (8) 

nr 


ELECTRIC MOMENTS OF PROTEINS 


557 



Logic Frequency 

Figure 8 


Table 4. Critical Frequencies, Relaxation Times and Geometric Asymmetry 
OP Various Protein Molecules 



Temp. 

V 


ADi 

^25.10 

TO 25'“ 

a 

d 

Protein Solvent 

(“C.) 


»'oba. 

ADs 

XIOS 

xm 

h 

degrees 

Horse carboxyhemo- 

globin Water 

Pig carboxyhemo- 

25 

1.00 

1.9 


8.4 

(6.6) 

(1.6) 


globin Water 

20 

1.12 

1,1 


13,0 

\ 



Myoglobin Water 

25 

1.00 

6.5 


2.9 




Insulin 80% aqueous propy- 

25 

17.0 

0.59 


1.6 




lene glycol 









Insulin 90% aqueous propy- 

25 • 

28.0 

0.31 


1.8 




lene glycol 









Insulin 100% propylene gly- 

25 

48.0 

0,19 


1.8 




col 









/9-Lactoglobulin M/4 glycine 

25 

1.04 

1.0; 3.0 

0.25 

15; 5.1 

4.3 

4 

1 63 

0-Lactoglobulin. . . . M/2 glycine 

25 

1.08 

0.9; 2,6 

0.25 

16; 5.7 

4.8 

4 

; 63 

/Sl-LactoglobuUn. M/2 glycine 

0 

2.12 

0.44; .1.25 

0.25 

16; 6.5 

4.6 

4 

63 

Egg albumin Water 

25 

1.00 

0,86; 3.4 

1.5 

18; 4.7 

3.7 

5 

40 

Horse serum albu- 









min (carbohy- 
drate-free) Water 

25 

1.00 

0.44; 2.1 

1.0 

. 36; 7.5 

6.0 

6 

45 

Horse serum pseudo- 

globuUn -7 Water 

Home serum pseudo- 

25 

1.00 

0.064; 0^57 

1.0 

250; 28 

22.0 

9 

45 

glob uUn-y * Water 

0 








Edestin 2M glycine 

25 

1.33 

0.050; 0.44 

1,0 

240 ; 27 

21.0 

9 

45 

Gliadin 56% aqueous ethanol 

25 

2.58 

0.23; 1,6 

1,6 

27;' 3,8 

3,1 

8 

38 

Secalin 54% aqueous ethanol 

25 

2.69 

0.21; 2,3 

1.5 

29; 2.7 

2.1 

10 

40 
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For water at 25°, this becomes 

V = 147,000/j'o®'” = 9250Tf X 10*, (9a) 

where ro is expressed in megacycles, and n in seconds. The increment 
ratio, NDa/ADb, may also be expressed as a “dipole angle”, B, denned as 
the angle between the geometric axis o of the ellipsoid and the electric 
moment vector. Since the electric moment /i will be the vector sum of 



Figure 9. Dielectric absorption of carboxyhemoglobin solutions: C . rx^rr-V'-ntfil 
measurements of (k — Ko)/er; curve A, (k — ko)/^, and curve AD jg, ■ v-i : !■»,■??» 

equation 1 of Oncley, Ferry and Shack, using the constants, ^corded m Table 1 of 
their paper, for the calorimetric method. [Shack, J., Ph.B. Dissertation, Harvard 
University 60 (1939)]. From Oncley, J. L., Ferry, J. D., and Shack, J., Annals New 
York Acad. 40, 371 (1940). 


the two moments fXa and and since the moments are proportional to 
the square roots of the increments, we have 

tan S « (ib/fia - V AZ)b/ADa- (10) 


Dispersion of Conductance 

nf thp. soecifie conductance, Kj of a protein solution can 






Figure 10. 

Dielectric incre- 
ments for egg albu- 
min solutions. 
From Oncley, J. 
L., Ferry, J, D., 
and Shack, J., An- 
nals N, Y. Acad. 
;Sci.,40,371 (1940). 




560 


PROTEINS, AMINO ACIDS AND PEPTIDES^ 


will have the value kq, which increases in region B to the value in region C. 

We thus have the equations 

K ^ - {k^ - Ko)/(l -f V^/pI) = /Co + (k„ - Ko)(v/Vcf/(l + P^ I pI) (H) 

and 

K = /c^ ~ Aki/{1 ~h p^/pi) - A/C2/(1 + P^/pI) ” ’ • • (12a) 

= Ko + AKi(v/piY /(1 + P^/Pl) + AK2(p/p2y/{l "h P^/pI) + • * • (12b) 

to correspond to equations 6 and 7 for the dielectric constant. Here Ak,* 
and Pi represent the conductance increment and critical frequency of the 
i^th dispersion region. The relation 

AKi = ADiPi/1.80 (13) 

exists between the conductance increment, the critical frequency, and the 
dielectric increment of any dispersion region when conductances are ex- 
pressed in /umhos/cm and critical frequencies in megacycles. The results 
of a comparison of conductance increments, (Fig. 9) dielectric increments, 
and critical frequencies by independent J)ridge and calorimetric methods 
are recorded in Table 5. The mean values in this table are weighted, 
more weight being given to the low-frequency bridge data and to the high- 
frequency calorimetric data. Values enclosed in parentheses are calcu- 
lated from equation 13. Figure 10 also compares the data obtained by 
these two methods in the case of egg albumin. 

Results 

A survey of the dielectric constant literature for protein solutions reveals 
few data of significance before those of Wyman^^ Before this time most 
workers had made measurements at such high frequencies that the results 
obtained fell in region C (Fig. 1) where the contribution of the protein 
molecules to the dielectric effect was very small; aud even these measure- 
ments were very uncertain. The development of new techniques of meas- 
urement since 1928 have made observations in regions A and B much 
more reliable. The results discussed in the following paragraphs are con- 
fined almost entirely to these more recent investigations. 

Carboxyhemoglobin (horse) 

Measurements of Oncley^ and of Shack^®, made at temperatures near 26^ 
indicate, that the dispersion curves are characterized by a single critical 
frequency alid high- and low-frequency increments per gram which are 
independent of the concentration (Figs. 2 and 8 and Tables 3, 4 and 5). 
These measurements were further shown to be eomnletelv renmrlneiblA 
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years, and were in fair agreement with earlier results obtained by Errera^®. 
The magnitude of the electric moment calculated for this molecule (Table 3) 
shows that carboxyhemoglobin has a fairly large dielectric, effect. The 
observed critical frequency corresponds to a relaxation time somewhat too 
large to be attributed to a spherical molecule with a molecular volume of 

50.000 cc (66,700 X 0.749), but can be explained by assuming an elongated 
ellipsoid of axial ratio a/b of about 1.6 and molecular volume of about 

60.000 cc (corresponding to a hydration of about 0.2 gram of water per 
gram of protein) (see Fig. 11). 

Carboxyhemoglobin (pig) 

Dielectric constant measurements on this molecule have been made by 
Arrhenius®^. He found that the dielectric increments varied considerably 
with different preparations of hemoglobin, giving extremes of 0.21 and 0.10 
for the total increment per gram at protein concentrations around 4%. 
He also finds some variation of total increment with concentration, values 
at low protein concentration (under 1%) giving increment values con- 
siderably larger than those obtained at high protein concentrations. 
Measurements were also made upon solutions containing glucose, glycerin, 
urea and glycine. The dispersion curves obtained for the pig hemoglobin 
could be explained by a single relaxation time, but the times so obtained 
were somewhat larger than those obtained for horse carboxyhemoglobin 
(Table 4). 

Myoglobin 

Myoglobin, prepared from horses^ hearts, has been studied by Marcy 
and Wyman^®^ by the use of an oscillograph method which enables them to 
measure both the dielectric increment and the conductance increment 
at Various frequencies. The electric moment for myoglobin is quite 
small, due both to its low increment and its low molecular weight. The 
observed critical frequency cannot be attributed to a spherical molecule 
with no hydration, but can be explained quite well by assuming hydrations 
of 0.2~4).3 gram of water per. gram of protein, and slightly asymmetrical 

shape. 

Insulin 

Insulin, which is almost insoluble in water at the isoelectric pomt, has 
been studied in mixtures of water and propylene glycol . ^ The dielectric 
increment varies somewhat with composition of solvent, increasing with 
increasing water content. The dispersion curves, when analyzed for single 



AXIAL RATIO, a/b. 


562 


PROTEINS, AMINO ACIDS AND PEPTIDES 

to the viscosities of the respective solvents (within 10%). They are shown 
in Fig. 8 and Table 4. The relaxation time so obtained is, however, too 


<5eriim Albumin Edestin Loctoglobulin 




HYDRATION 



Grams of Water per Gram of Protein 
From frictionol ratio |l|{l|{ From viscosity coefficient 

(assuming *4% error) ||||||| (assuming *10% error) 


^ From crystal density 
(assuming dk2S% error) 


From X-ray studies 


From dielectric dispersionj From dielectric dispersion^ 

w»ith one relaxation time with two relaxation times 

Figure 11. Asymmetry and hydration of certain protein molecules 


.QTnfl.ll tn hp intflrnrp+.p.rl as Hup tn the rotation of a soherical or elliosoidal 
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(S-Lactoglobulin 

Preliminary measurements were reported by Ferry, Cohn, Oncley, and 
Blanchard^®, and later results by Ferry and Oncley'" and Shack"". The 
measurements were made in M/2 and M/4: aqueous glycine solutions at 
both 0 and 25°. The increment per gram obtained was the largest yet ob- 
served for any protein, although the electric moment obtained was some- 
what lower than that of serum pseudoglobulin and edestin. The observed 
dispersion curves are plotted in Figure 12. The continuous curves are 
calculated on the basis of the two relaxation times of an elongated ellip-* 
soidal molecule with a/h - 4, rf = 4.7 x 10“" sec, and d == 63°. " The 
broken curves are calculated from the 'simple Debye expression for a single 
relaxation time, == 7.5 X 10~" sec. Both sets of curves fit the points 
reasonably well; however, the continuous curves fit somewhat better, espe- 


Figure 12. 

Dielectric dispersion of lactoglobu- 
lin dissolved in ^ ^ Q ^ 

25°; # = 0°. t ■ ■■ ; ' , cal- ^ ( 

culated from two relaxation times for 
an elongated’ ellipsoid, {ro)H20, 25° — 

4.7 X sec., a/b - 4, $ — 63°; S'! 
broken lines, calculated from one 
relaxation time, 5 H 2 O, 25° = 7.5 X 
sec. 



-1 0 X 

Logio frequency, v, in megacycles. 


cially the one at 0°. Since the measurements at 0° are more reliable 
because of (1) the lower conductivity of the solutions at this temperature, 
and (2) the location of the dispersion at lower frequencies, the interpreta- 
tion based on the two relaxation times of an elongated ellipsoidal molecule 
seems somewhat more probable. Results of Shack indicated a system 
characterized to the precision of the measurements by a single dispersion 
region. Table 5 compares the values for increments and frequencies as 
obtained from dielectric constant and specific conductance measurements. 

Egg Albumin 

Egg albumin solutions have been studied by Shutt""^, Oncley"^ and 
Shack"". Here the experimental determination of the dispersion data is 
difficult, however, since the dielectric constant increment is small. The 

-K-rtCtlllfo t»ftr\nT‘ +nr1 TobloQ ^ A A ftTid TTior 10 fl.vp fnr fp.irlv eonnpn- 
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trated solution of about 9% egg albumin. More dilute solutions are being 
studied. The relaxation times so obtained can be attributed to an ellip- 
soidal molecule of axial ratio a/b = 4 and molecular volume about 34,000 
cc. If we take 42,000 for the molecular weight, this gives a hydration of 
about 0.1 gram of water per gram of protein. 

Serum Albumin (horse)®® 

Measurements of dielectric increment have been made by Errera^^, 
Ferry and Oncley®^ and Oncley^^ The measurements of Errera were of 
preliminary nature, and upon preparations of undetermined properties. 
The measurements of Ferry and Oncley were made upon several prepara- 
tions whose solubility in ammonium sulfate varied by a factor of about 
five, and indicated that the total dielectric increments of the more soluble 
fractions were approximately three times greater than the least-soluble 
fractions, varying from 0.42 to 0.13 dielectric unit per gram per liter. All 
preparations gave very nearly identical dispersion curves which were not 
exactly reproduced by equation 6 with one relaxation time. It was con- 
cluded that “there remains the possibility that further purification may 
yield a product whose dispersion shows no deviation from the simple Debye 
theory^\ The most recent measurements indicate that this possibility 
does not seem very likely, sinCe measurements upon the carbohydrate-free 
albumin of McMeekih^° indicate two relaxation times (Table 4) . The total 
increment per gram per liter obtained was about 0.24, (Table 3) and the 
relaxation times were interpreted as agreeing well with an axial ratio a/b 
of 5 or 6 and a hydration of about 0.2 gram’ of water per gram of protein 
(Fig. 11). 

Serum Pseudoglobulin (horse)®® 

Measurements on serum pseudoglobulin were made by Ferry and 
Oncley®^ who found that these solutions had a very high dielectric incre- 
ment’ per gram which depended somewhat upon the concentration. The 
dispersion curve indicated two relaxation times. Measurements of Oncley^^ 
upon 7 -pseudoglobulin confirmed these observations. He found two 
relaxation times corresponding to a somewhat greater asymmetry than 
observed for the total pseudoglobulin (Fig, 8). An axial ratio, a/6, of 
about 8 or 9 and a hydration of about 0.5 gram of water per gram of protein 
would explain the observed dispersion curves fairly accurately (Fig. 11). 
Fig. 3 shows the dielectric increments observed for these new preparations 
at both 0 and '25°. 


** Measurements upon albumin 
tion of human urine from a case of . : • i- ■ 

J, L. f/. Biol. Chem., 123, Proc. xxxi> - I » 
w£is the same a*? obtain en for bnrRA ■, . 


■'’^^“ined by ammonium sulfate precipita- 
f lend, D. G., Ferry, J. D., fend Oncley 
: ■ -T pam obtained for the pseudoglobulin 
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Edestin 

Measurements of the dielectric increments of edestin dissolved in 2M 
glycine solutions have been reported by Oncley^^ (Fig. 8) . The observed 
total increment of about 0.8 unit per gram per liter indicates quite a polar 
molecule. The dispersion curve was almost identical ivith that observed 
for serum 7-pseudoglobulin, and revealed two relaxation times compatible 
with an elongated ellipsoidal model with axial ratio, a/h, of about 9 and 
but little hydration. 


Gliadin 

This protein has been studied by Arrhenius^\ who found that the total 
dielectric increment per gram was about 0.15. He reported only a single 
relaxation time, and stated that lower frequencies would need to be em- 
ployed for the measurements to reveal a second relaxation time. Recent 
measurements of Entrikin^^have included such low frequency results, and 
yield a total dielectric increment per gram of about 0.10, and two relaxation 
times compatible with an elongated ellipsoidal model with axial ratio, a/b, 
of about 8 and molecular weight of about 38,000. 


Secalin 

Measurements were made by Andre ws^^ on the protein secalin from rye. 
He obtained a total increment per gram of about 1.0, and two relaxation 
times which would indicate an axial ratio, a/h, of about 10 and a molecular 
weight of about 40,000. 


Zein 

Preliminary measurements on solutions of zein in 70% n-propyl alcohol 
were made by Wyman^^ who found a total increment per gram of about 0.3. 
Measurements of Elliott and Williams^ have been carried out m 72% 
ethanol solutions, and over a considerable temperature and concentration 
range. They find a total increment per gram of about 0.46, and two relaxa- 
tion times which give an axial ratio, a/b, of about 7^ Some differences 
between “whole zein” and “fractionated zein” were observed. 

Amino Acids and Peptides^‘ 

The first definite indications of dispersion in amino acid solutions were 
obtained by Fricke and Parts'®, who made measurements at frequencies up 

« (IMO). S« also Ph.D. Dteertation, TJmv. of Wiscomin 
A., ind Wiiua^s, J. W., d. A.. 0^^. («39). See also WilUa^e. 1. W.. and 
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to 66 megacycles. They obtained no change of dielectric increment with 
frequency in this range, but they did observe considerable change in con- 
ductance. From this, they estimated the critical frequency for glycine 
(at 21®) as 3.5 x 10® cycles/sec, in a IM solution, corresponding to a 
relaxation time of 4.6 X 10“”^^ sec. Larger amino acids gave longer relaxa- 
tion times. Recently Bateman and PotapenW^ have measured dielectric 
increments and absorption coefficients of amino acids at 1176 megacycles 
(X =s 25.5 cm). The dielectric increments were lower than in a static 
field, the lowering being especially marked in the solutions of the larger 
molecules, while the dielectric absorption increases with size. Relaxation 


Table 6. Relaxation Times of Amino Acids and Peptides 


Relaxation time, X 10^^ 


Substance , 

Fricke 

and 

Parts* 

Bateman 

and 

Potapenkof 

Wyman 

and 

Marcyt 

Conner 

and 

Smyth§ 

Calculated 
for rigid 
sphered 

Glycine 

3.7 

2.6 

6.6 

6.7 


4.9 

6.4 

6.2 

7.9 

7.9 

9.7 

9.7 

13.2 

13.2 
10.1 
11.8 
11.8 

17.2 
18.8 
22.8 

14.0 
16.8 

21.1 
22.8 
17.0 
21.9 

Alanine 

5.2 


/3- Alanine 


a- Amino butyric acid 

6.2 



7 -Aminobutyric acid 

7.9 




a-Aminocaproic acid 

9.7 




e-Aminocaproic acid 

12.9 




Di glycine,* ! 

14.9 

20.3 


11.4 

Glycylalanine 



Alanylglycine. 

Leucyl glycine 


21,3 


18.0 

24.6 

Leucylalanine 




Lysyl glutamic acid 



48.0 

13.0 

Triglycine 



18.1 

20.6 

28.2 

27.8 

24.7 

36.3 






. 

Alanylieucyigiycine 




Tetraglycine 




Pentaglycine 





Calculated from data of Fncke and Parts at 65.6, 32,8, and 16.4 megacycles, using equations 6, 11, 13. 
t Cmculated from measurements at 1180 megacycles. (Temp. 23.3'’C*) 

+ Calculated from measurements at 116 megacycles. 

§ Calculated from measurements at 376 to 750 megacycles, 

t Calculated from equation 9, using apparent molal volumes and eleotroatrictions from Chapter 7. 


times calculated from these measurements are recorded in Table 6. The 
value for glycine, 2.6 X 10'“ sec, is not far from the earlier estimate of 
Fricke and Parts. ^ In the last column of Table 6 are listed the calculated 
relaxation times, to of spheres of the same molecular volume as the amino 
acids and peptides studied, as calculated from (8). The observed values 
are on the whole remarkably close to the calculated values. Still more 
recent results of Marcy and Wyman'®" at 115 megacycles have been u.sed 
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and indicated very little change in dielectric increment, but considerable 
change in conductance. Relaxation times at about 25° of 4.8 x 10~“ for 
lysylg utamic acid and U x IQ- for Irigiycine we obtained by an 
application of equations 6 and 11. Values calculated from equation 8 for 

molar volume for these molecules were 2.4 and 1.4 x 
10 , respectively, and they attribute the larger observed value in the case 
01 lysylgliitamic acid to asymmetry of the molecule. 

Since this manuscript was prepared, Conner and Smyth^^ have reported 
measurements at frequencies from 375 to 750 megacycles of the dispersion 
of a number of amino acids and peptides, and these results have been 
entered in Table 6. They agree with other workers in observing relaxation 
times for gl^^cine and alanine which are less than the values calculated for 
a spherical model, and conclude that *‘this discrepancy is customary for 
investigations of this sort for small molecules of size comparable with those 
of the solvent, and has led to the suggestion that the inner viscosity is of 
smaller magnitude than the macroscopic viscosity”. On the other hand, 
the peptides they studied all had relaxation times somewhat larger than 
the values calculated for spheres and these results were used to calculate 
the axial ratio, a/6, of the assumed molecular ellipsoid of revolution, as 
(U'terrnined from Perrin’s equations^®. Values of a/6 vary from 1,1 to 2.1 
ior these peptides. From these values for the glycine peptides, Conner 
and Smyth conclude that '‘although the accuracy of the determinations 
is not sufficient to exclude the possibility of a linear increase with the first 
power (of the chain length), the apparent linear dependence upon the 
scpiare root of the number of glycine residues is what one would expect 
from a statistical consideration of rigid molecules randomly distributed in 
all possible configurations resulting from potential minima symmetrically 
distributed about the valence bonds of the back bone chain” (Ref. 48, 
p* 1878. See also ref. 50). They also discuss the values of observed re- 
laxation times in terms of the free energy of activation for rotation of these 
molecules as obtained following Eyring’s treatment^h 

Conclusions 

The studies of dielectric increments and dispersion of these various 
proteins have added considerably to our knowledge of the geometrical and 
(‘leetrical symmetry of protein molecules. The most important results 
which have been obtained may .be summarized as follows: 

Dipole; moments of the proteins which have been studied (from 170 to 
14(K) Debye units) seem very large when compared with those of low molec- 
ular weight substances, but this is due largely to the high molecular 
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weights of the proteins. A comparison of the electrical symmetry of 
molecules of widely differing size can be made by calculating the diameter, 
R, which the molecule would have if it were spherical and unhydrated, and 
then computing the number of unit charges, z, which must be located at 
each end of a dipole of this length in order to give the observed dipole 
moment^l Values obtained in this way are all much smaller than half 
the total anionic and cationic charges, which is roughly the maximum 
possible value, The ratio ^/^max obtained for serum albumin is about 
0.02, for hemoglobin 0.03, and for edestin 0.01. These molecules would 
accordingly have moments many times those reported here if they were 
very unsymmetrical electrically, and the measurements can be taken as 
proof of a fairly high degree of electrical symmetry. 

The relaxation times observed for these proteins (with the possible 
exception of insulin) are of just the order of magnitude which would be 
expected from other values of molecular weight, hydration, and asymmetry. 
Since the molecular weight is the best known of these quantities, we have 
chosen to present this correlation in the form of a graph in which possible 
values of hydration (grams of water per gram of protein) and axial ratio 
(a/6) are shown by various shaded areas. Such curves are given in Fig. 11 
for nearly all the proteins for which many of the necessary data exist. The 
correlation of the various methods is rather good, in that a certain area 
can usually be chosen which will represent the ‘^most probable’' values of 
axial ratio and hydration. These graphs show very vividly that diffusion 
data combined with viscosity data cannot differentiate between various 
possible combinations of asymmetry and. hydration, ^his is equally true 
of dielectric dispersion data if only one relaxation time has been observed. 
However, when the dielectric dispersion results lead to two relaxation times 
the axial ratio and hydration are uniquely determined, within limits de- 
pending on the probable errors in the relaxation times. Values from x-ray 
and from crystal density studies have been included in the preparation of 
Figure 11. It is, of course, true that a determination of hydration in a 
protein crystal gives no direct information concerning the hydration of the 
same protein in solution. Nevertheless, the agreement between these 
various methods for evaluating hydration and axial ratio yield the strongest 
support for the view that protein molecules appear to rotate as rigid units, 
which can be mathematically described as if they were ellipsoids of revolu- 
tion of various axial ratio.' 

“ We have used the equation 

2 0,41 [ 5 ^ 1 / 2 / 71 / 3 ] 

where A/ is the molecular weight, [Ar/ , . , 

volumeof the protein, and and 7 ■ , .. hter, v the partial specific 



Chapter 23 

The Solubility of Proteins 

By Edwin J. Cohn 

I. The Separation and Classification of Proteins 

Proteins differ from one another widely with respect to their solubility. 
On the basis of these differences the chemists of the eighteenth and nine- 
teenth centuries learned to effect their extraction from plant and animal 
tissues. The solvents generally employed were: (1) water; (2) salt solu- 
tions; (3) alcohol-water mixtures; (4) acid or alkaline solutions. Often all 
these solvents were employed successively, generally in the* above order. 
The order had been arrived at empirically, for two reasons. In the first 
place, many proteins are soluble in neutral salt solutions, although in- 
soluble in water; and nearly all proteins dissolve in acid or alkaline solu- 
tions. Thus, if solvent (4) were employed before the others, no fractiona- 
tion would be achieved, and the same would be true if solvent (2) were 
employed before solvent (1). 

The most effective solvents often modify and denature proteins in the 
process of dissolving them. Thus, the second reason for the order in which 
the early chemists employed these solvents depended on their observation 
of denaturing effects. They noted that the state of most proteins was 
readily altered in acid and alkaline solutions as well as in alcohol-water 
mixtures. 

The body of knowledge acquired by those concerned with the extraction 
and separation of proteins was reformulated at the beginning of this century 
into a classification of the proteins. Thus those soluble in water were 
called albumins, those soluble in salt solutions, globulins, those soluble in 
alcohol-water mixtures, prolamines, and those that were insoluble in all of 
these, but dissolved in acid and alkaline solutions, glutelins. 

Although this classification is inadequate, and an international agree- 
ment' was not reached respecting All the details of definitions, these four 
rough classes of proteins have a certain utility and physicochemical basis. 
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tions. Conversely, many proteins previously classified as conjugated have 
been freed of their foreign groups and isolated as pure proteins. The 
early classifications include a nomenclature for acid and alkali modified 
proteins or metaproteins as well as for the products of partial protein 
hydrolysis into proteoses, peptones and peptides. The multitude of the 
states which represent partial or complete modification and denaturation, 
whether or not accompanied by hydrolysis, is so great that little use can 
be made of these early attempts at standardization. Instead of classifica- 
tion we must substitute accurate physical chemical characterization of 
each modified state as well as of the native undenatured protein. 

Of the solvents employed by earlier workers, few can be assumed to 
yield products resembling. those that occur in nature, and then only if the 
conditions for the extractions and the subsequent fractionations are rigor- 
ously controlled and circumscribed. Indeed the conditions that should 
obtain during the purification of proteins should approach as closely as 
possible those of the native tissue, except that the temperature should be 
low. The physicochemical conditions which have been found most im- 
portant in the separation and purification of proteins may for convenience 
be listed as follows. 

(1) The temperature should be kept as low as possible and far lower 
than body temperature if the actions of the enzymes of tissue extracts are 
to be avoided. Even room temperature is too high for most stages in 
protein purification, which is best carried out as close to the freezing point 
of the solvent as possible, excepting when advantage is taken in the separa- 
tion of proteins of the influence of temperature upon solubility. Change 
in temperature changes (a) the dissociation of the various free groups of 
proteins (heat of neutralization) ; (b) the forces between protein molecules 
in the solid state and between protein and solvent molecules in solution 
(heat of solution); and (c) the influence of dilute and concentrated salt 
solutions respectively as solvents and precipitants. Thus, in dilute salt 
solution, increase in temperature commonly increases solubility, whereas 
in concentrated salt solutions the reverse is often the case and increase in 
temperature may be an effective means of inducing crystallization from a 
concentrated salt solution saturated with respect to a protein component. 

(2) The pH should be maintained as near that of the environment of the 
native protein as possible. Excessive acidity and alkalinity lead to modifi- 
cations of many proteins, not all of which are completely reversible. The 
acidities or alkalinities which can be withstood, without irreversible changes 
being induced, vary greatly, however, from protein to protein. It is thus 
necessary to prove that every change in reaction to which a protein is 
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(3) The dielectric constant should be kept as high as possible. Although 
certain knowledge is still lacking regarding the dielectric constants of 
body fluids and tissues, it is known that many proteins yield solutions 
with dielectric constants higher than those of even so polar a solvent as 
water. Whether change in the solubility of proteins that have been 
partially purified and separated from the other proteins with which they 
existed in nature depends upon changes in the distinctive properties of 
their environment has not been proven, but it has repeatedly been observed 
that proteins are more stable in concentrated than in dilute protein solu- 
tions; that they are “protected” by a high concentration of the same or of 
foreign proteins. 

(4) Organic solvents should be employed only with great caution, and 
when they are employed the temperature should be held as low as possible. 
The solvent action of organic molecules upon amino acids and peptides 
increases, as we have seen, with increase in the number of non-polar paraffin 
side chains or of non-polar benzene or pyrrolidine rings of the dipolar ion. 
Organic solvents, alcohol-water mixtures, acetone-water mixtures and 
propyleneglycol-water mixtures, are solvents only for those proteins which 
are rich in non-polar groups. Proteins of this kind are, as we have seen, 


termed prolamines. 

Unless there is a predominance of non-polar side chains, organic solvents 
in small concentrations are to be considered as protein precipitants. High 
concentrations of non-polar solvents are always protein precipitants. This 
precipitating action may be considered to depend upon interactions both 
with the uncharged polar side chains of proteins and with the charged 
groups of proteins upon which their electric moments depend. The former 
effect may be expected to occur without deformation of the protein. The 
latter might be expected to result in such changes, and in experience one 
frequent result of the use of organic solvents, especially at ordinary tem- 
peratures, is denaturation of proteins. 

The charged groups of proteins give rise to Coulomb forces between 
molecules. They also lead to electrical forces between the charged groups 
of the same molecule. Addition of organic solvents, like increase in tem- 
perature, leads to decrease in the dielectric constant of the solution an 
thus to increase in all electrostatic forces. The dangers inherent in the use 
of organic solvents are in this way related to the dangers in the use of high 
temperature. The latter increases the energy of the heat motion of all 
matter; the former decreases the dielectric constant and increases the 
electrostatic forces between the charged groups of the same as we as o 

u.ion*.uM 
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cases proteins are observed to become grossly denatured and to separate 
as insoluble precipitates. In others, no change in solubility is observed, 
but measurements reveal that the molecular weight has diminished to a 
fraction of that characteristic of more concentrated solutions. 

Possibly these effects depend upon the fact that all proteins are exposed 
in dilute aqueous solution to lower dielectric constants than would be 
characteristic of their more concentrated solutions. The empirical fact — 
advantage of which was first clearly taken by Sprensen, who concentrated 
his protein solutions in negative pressure dialyzers^ — would appear to be 
that proteins may be retained without sensible change when they are pre- 
served as very concentrated solutions, or m the solid state as precipitates 
or crystals. 

(6) Dilute solutions of neutral salts increase the stability of proteins 
even in dilute solution. Moreover, they increase the solubility of proteins 
by diminishing their activity coefiScients. This effect of ions on dipolar 
ions is comparable to that of interionic forces in so far as both depend upon 
Coulomb forces. Whereas interaction between ions increases with the 
ionic strength, and with the valence of the ions, interaction between ion 
and dipolar ion increases with the ionic strength and with the electric 
moments of the dipolar ion. Both types of interaction are diminished 
by increase of the temperature and of the dielectric constant, but the 
quantitative relation of these factors — ^temperature, dielectric constant and 
ionic strength— is different, as we shall see, for these two types of inter- 
actions. 

Besides the interaction between ions and dipolar ions, which depends 
upon ionic strength of the electrolyte, there are those which depend upon 
the specific nature of the electrolytes. These are most pronounced in con- 
centrated solutions of both the ions and the dipolar ions. 

(7) Most proteins are precipitated from solution by sufficient concentra- 
tions of certain neutral salts. Salts with multivalent cations are generally 
the best solvents, and those with multivalent anions the best precipitants, 
for proteins. Although they dissolve proteins at low ionic strengths, phos- 
phat^, citrates and sulfates precipitate proteins in more concentrated 
solutions at far lower salt concentrations than do chlorides or nitrates. 
Among the sulfates the ammonium is far more soluble than the sodium 
salt. Many proteins cannot be precipitated by sodium sulfate because 
even its saturated solution is not sufficiently concentrated at room tempera- 
ture. Ammonium sulfate is therefore employed in the separation and 
purification of many proteins, despite the inconvenience of employing a 
salt containing ammonia and the consequent complication of analytical 

DrOfiftflUrfiS imnn ■nifmrrja'n o+^/^Y^ A 
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sulfate precipitates proteins in lower concentration than ammonium sulfate, 
its low solubility has demanded its being employed at relatively high tem- 
peratures where its solubility is higher^, whereas the lability of the protein 
molecule renders it desirable, as we have seen above, to carry out all pro- 
cedures at the lowest possible temperature. Phosphates are also very good 
protein precipitants. Moreover phosphate buffers of known pH and ionic 
strength^’ ^ may be prepared and used even at low temperature. Thus 
proteins may be protected by these strong buffers* from any change in pH. 

Other salts have been used as protein precipitants, among them mag- 
nesium sulfate and various acetates and chlorides. These salts are less 
effective protein precipitants than those discussed above. Although they 
are often considered as specific precipitants for individual proteins, it re- 
mains to be demonstrated that their use is more specific than that of 
sulfates or phosphates in solutions of controlled temperature, pH and ionic 
strength. 

In the i!>a8t it has sometimes been supposed that certain salts were 
specific precipitants for certain proteins. This conception appears to de- 
pend upon the fact that some proteins are far more easily salted out than 
others. Thus among plasma proteins, fibrinogen has been considered pre- 
cipitable by half saturation, and euglobulin by saturation with sodium 
chloride. Both of these proteins are also precipitable however by phos- 
phates and sulfates and so are the more soluble serum proteins for which 
sodium chloride is not a precipitant. The separation of more soluble pro- 
teins demands the use of phosphates, sulfates or organic precipitants and 
the degree of separation effected depends less upon the nature of the reagent 
than upon the choice of optimal conditions of protein concentration, con- 
centration of precipitant, pH and temperature. 

II. Differences in the Solubility Relations of Different Proteins 

The precipitating action of a given salt on different proteins depends 
upon well known properties of the protein molecule. Some of these may 

be listed: . 

(1) A given protein is least soluble in the neighborhood of its isoelectric 

point in the presence, as well as iif the absence, of neutral salts. ^ The pH 
of minimum solubility varies with the nature and the concentration of the 
neutral salt. Except in very dilute salt solution this pH. is generally differ- 
ent from the true isoelectric point of the protein. 


3 Howe, P. E., Biol, 93, 109 (1921); 57, 236, 241 (1923). 

^ Cohnl k L, /. Am. Ckem. ^oc., 49, 173 (1927). 

^ Green, A. A., ibid., 55, 2331 n-ot^or‘orcs''lnblo end ran oor.v 

* At neutral reaction potaeemm 

at concentrations up to 4 molal. I.'ic .u i.;.. Mn.n i.i.. 


'cniontly be employed 
■ . ■: ; ■ i im pbosph^ate 
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(2) The solubility of proteins in the uncombined, salt-free state varies 
widely. This is true among those that separate in the crystalline and in 
the amorphous state. Thus, crystalline edestin, from hempseed^, and amor- 
phous myosin, from rabbit or cow muscle®, are extremely insoluble in the 
absence of neutral salts. Hemoglobin (horse) is far more soluble^ More- 
over, the hemoglobins of different species have quite different solubilities® 
and often different crystal forms® even though they may have the same 
molecular weight. Human hemoglobin is so soluble in the absence of 
neutral salts that it has generally been crystallized, like the albumins, from 
concentrated salt solutions’®. 

Egg albumin and serum albumin are far more acid molecules than the 
above, having isoelectric points slightly acid to pH 5. Casein and gelatin 
have isoelectric points in the same range. While casein has a solubility in 
the absence of salt of approximately 0.11 gram per liter”, egg and serum 
albumin can be prepared as solutions containing 20% or more protein in the 
-neutral state. Indeed serum albumin can be said to be miscible with water 
in all proportions. Gelatin can be prepared either as an amorphous pre- 
cipitate or as a gel. 

The forces between molecules in the solid state as well as those between 
solvent and solute molecules determine solubility. Thus the greater the 
crystal lattice energy, the lower the solubility. Molecules whose charged 
groups and electric moments result in strong attractive forces between 
precipitated molecules will require far greater attractive forces with solvent 
molecules for solubility to result. The differences between the solubility 
of uncombined proteins will thus depend as much upon the forces in the 
solid state due to the nature and position of the charged groups as upon 
the interactions between dissolved molecules and solvent. 

(3) Solubility in water or in another solvent will depend not only upon 
the forces between molecules in the solid state, but also between the 
electric moments and the specific groups of the solute and solvent mole- 
cules. Thus proteins rich in paraffin side chains and in pyrrolidine rings 
and poor in charged groups tend to dissolve in alcohol-water mixtures 
rather than in water, yhereas those poor in non-polar groups, but rich in 
polar or electrically charged groups, tend to be precipitated by even small 
amounts of alcohol and acetone. 

(4) Proteins that are insoluble in water but are rich in charged groups 


J. Fkysiol, 14, 161 (1905). 
« Edsall, J. T,,J , Biol. Chem., 89, 289 (1930). 
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will become more soluble, as we have seen, in the presence of neutral salts 
or other dipolar ions, and this effect will be the greater the greater the 
dipole moment of the solute protein. 

(5) Proteins that are rich in charged groups and soluble in water, such 
as the albumins, have thus far been found to have small dipole moments. 

(6) Most proteins are more soluble when combined with acids or bases 
than in the neutral state. Protein salts obey many of the same rules as 
do other salts. Moderate increases in ionic strength increase their solu- 
bility; specific ions may however decrease their solubility with the appear- 
ance of new solid phases. 

(7) Formation of salts between protein and protein as those between 
protein and ion may result either in compounds of greater or of lower 
solubility. Whereas in certain cases the higher solubility of mixtures of 
proteins than of pure proteins illustrates the former principle, insoluble 
protamine insulinate may be considered an example of the latter principle. 

« (8) The addition of base to an insoluble neutral protein increases solu- 

bility with formation of a soluble proteinate. Provided no insoluble pro- 
teinate is formed a strict proportionality should* obtain between the base 
added and the increiase in protein in solution. 

(9) If a new saturating body is formed, however, the conditions that 
obtain are more complex and solubility will be equal to the sum of the 
solubility of the neutral protein and the insoluble proteinate plus the con- 
centration of that alkali in the system, minus the alkali bound in the solid 
state times the equivalent combining weight of the soluble alkali proteinate. 
That is to say, the total alkali is divided between soluble and insoluble 
proteinate and solubility will depend upon the equivalent combining weigh t 
of both soluble and insoluble proteinates. 

(10) Neutral salts often increase the solubility not only of neutral pro- 
teins but also of protein salts. Thus, the formation of an insoluble pro- 
temate may, or may not, diminish the solvent action of neutral salt upon 
the protein. There are two conditions under which neutral salts instead 
of supplementing the solvent action of acid or alkali, by virtue of their 
ionic strength, have precipitating actions. The first of these follows the 
formation of a colloidal suspension when protein is dissolved with acid or 
alkali. Small amounts of neutral salts commonly discharge the electric 
forces holding the protein in a colloidal state as a result of which the 
system reverts to a condition more closely related to that predicted from 
the classical laws of solution. The second condition, under which neutral 
salts in relatively low concentration diminish the solubility of proteins 
combined with small amounts of acid or alkali, depends upon the phe- 

nlipmistrv- of the nreciDitating action 
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influence of small amounts of neutral salts on the precipitation of proteins 
from acid solution. 

(11) Finally, in sufficiently concentrated salt solutions protein salts are 
precipitated as well as neutral proteins, though the salt concentrations 
necessary for precipitation are greater the more the protein is combined 
with acids or basis. Salting-out is thus generally maximal near the iso- 
electric point. It is also greater, for otherwise comparable proteins the 
larger the protein and the larger its proportion of non-polar groups. 

(12) The effect of temperature upon solubility in concentrated salt solu- 
tions is often the reverse of that in salt-free solutions, in solutions at low 
ionic strengths, or in ethanol-water mixtures. Under the former condi- 
tions, solubility may be decreased by increase in temperature, and crystal- 
lization would result, whereas in the latter, solubility increases with tem- 
perature much as with most other molecules. 

III. Application of the Phase Rule to the Solubility Relations op 

Peoteins 

By John T. Edsall 

^ In the study of proteins, solubility determinations are perhaps the most 
sensitive criteria of purity. The criteria most commonly applied in deter- 
mining the purity of simpler compounds— namely, melting point and ele- 
mentary composition— are of little or no value in the study of proteins, 
which decompose without melting and are all very similar in elementary 
composition. If a protein preparation shows constant solubility in a sol- 
vent of fixed composition, at' constant pressure and temperature, even when 
the amount of undissolved protein in the system is varied within wide 
limits, this is very strong evidence that the preparation consists of a single 
protein component. So rigorous is this criterion of purity, indeed, that 
very few proteins have yet been clearly shown to fulfil it. Both the experi- 
mental methods and the underlying theory involve complexities which call 
for further discussion. 

Among the earliest quantitative studies of the solubility of proteins were 
those of Osborne, and Harris' on edestin, and those of Hardy*" and of 
Mellanby on serum globulin, in solutions of different salts. These solu- 
bUity studies led to important advances in knowledge— notably to the 
formulation of the ionic strength rule by Mellanby— but neither serum 
globulm nor edestin behaved like a single protein component. Instead, 
as the total amount of protein in the system was increased the amount of 
protem dissolved by any given solvent also increased. For serum globulin, 
it was found that the amount of protein dissolved was almost directly prO'^ 



SOLUBILITY OF PROTEINS 


577 


portional to the amount added to a given volume of solvent. Such findings 
are not surprising in the light of our present knowledge, since serum 
globulin is now definitely known to be a mixture of several components, 
and edestin is a large protein molecule capable of dissociating into 
smaller ones. 

In 1917 S0rensen published his classic studies on egg albumin. He 
showed that this protein at fixed temperature, pressure, salt concentration 
and pH, behaved very nearly like a single component, showing a solubility 
almost independent of the amount of saturating body, in concentrated 
ammonium sulfate solutions. The increase in the amount of protein dis- 
solved, however, with increase in the total protein of the system, was 
clearly well beyond the experimental error. One example- of S0rensen's 


Table 1. Inpluencb op Total Protein Concentration on Solubility of Ego 

Albumin 

Temperature ,.18'’. Filtrate of the fourth filtration contained 26.66 


gm ammonium v.'-. 

'■ '! ^\a 

water; pH 4.92. 



Protein hydrate in gm per 



100 gm water 




In total 

In filtrate of 




system 

4th filtration 



AZ-.S-1 

Z 

S 

^z 

A5 

14.140 

0.768 

4.721 

0.042 

0.0150 

9.419 

0.726 

2.361 . 

0.034 

0.0243 

7.058 

0.692 

2.355 

0.038 

0.0272 

4.703 

0,654 

2.353 

0.041 

0.0294 

2.350 

0.613 





the value of S when Z « 1, was graphically determined as 0.593. The quantity 
in the last column is defined by S0rensen on the “dissociation tendency’’ of the 
protein. 

From S0ren8en, S. P. L., ref. 21. 

num<‘XOU8 data is shown in Table 1. Similar phenomena,’ of a far more 
pronounced character, were revealed in S0rensen^s laboratory by the study 
of the serum proteins^®, gliadin^® and casein^^- All these proteins 

were capable of fractionation into components of widely different solu- 
bility, although no one of the components could be shown to be a pure 
chemical individual by the solubility test. Consideration of these com- 
plex phenomena led S0rensen to the conception of proteins as “rever- 
sibly dissociable component systems^^^b In his own words, “soluble 
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proteins consist of a series of complexes or components, reversibly com- 
bined, which makes their constitution expressible by the ordinary formula 
• • • A, B, C and so on each marking complete complexes, mainly 
polypeptides, yet in some cases also containing other groups, for example 
phosphorus groups, whereas the affixed indices x, y, z, and so on, mark the 
amount to which the indicated complex is present in the entire component 
system. Within each complex all the atoms and atomic groups are linked 
together by main valencies, whereas the various complexes in the whole 
component system are comparatively loosely and reversibly knit together 
by means of the residual valencies which each component must be assumed 
to possess, and the strength and nature of which must depend on the 
chemical composition of the component in question, as well as on its 
physical properties, above all on its dimensions and the resulting shape and 
surface. But all things, considered, the linkage between the components 
must be supposed to be comparatively slight and of such a nature that 
alterations in the composition of the solution (salt content, hydrogen-ion 
activity, alcohol content, temperature) may give rise to reversible dissocia- 
tion of the involved component system and interchange of components 
between the same”.* 

Sdrensen interpreted the change in solubility of protein with change in 
the total protein content (dissolved and undissolved) as an expression of 
the dissociation tendency (Dt) of the protein. An example of the calcula- 
tion of this quantity is given in Table 1 for egg albumin. The dissociation 
tendency of this protein, according to this criterion, is low; that is, this 
proportion of egg albumin behaved quite nearly like a single component. 
For all proteins investigated, the dissociation tendency increased as the 
amount of protein dissolved diminished. 

The later work of Sprensen and S0rensen“ on the solubility of horse 
hemoglobin, carried out with the utmost care, confirmed the studies of 
Cohn and Prentiss’' and of Green*' ^ by showing that this protein has a 
very small dissociation tendency, and behaved very nearly like a single 
pure component. 

The work of Sprensen, ■Linderstr0m-Lang, and their collaborators per- 
formed an immense service in revealing the complexity of many protein 
preparations that had previously often been regarded as pure components. 
Sprensen’s treatment, however, did not lead to any method of predicting 
quantitatively the solubility of such a mixture. Later, Steinhardt’'* in a 
study of the solubility of crystalline pepsin at pH 2.8 in dilute KCl solu- 
tions, showed that the solubility steadily declined on equilibration with 
successive portions of the same solvent. The rate of the decline was found 
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to be proportional to the ratio of solid to the total volume of solvent em- 
ployed, and was independent of the time taken to perform the whole series 
of equilibrations (provided a necessary minimum time was allowed for 
equilibrium to be reached at each step). Steinhardt expressed his results 
by the equation 

S^A{1~ ’ ( 1 ) 

where 8 is the total amount of protein dissolved by equilibration with the 
total volume, F, of solvent (whether the protein is treated with the solvent 
all at once or in many successive portions) ; A is the quantity of pepsin ' 
present at the beginning of the experiment; e is the base of natural loga- 
rithms, and if is a constant. Steinhardt found this equation to express his 
results very exactly, for pepsin from two different sources, in a variety of 
solvents; and he indicated that it should be applicable to some of the data 
of Sprensen on other proteins. Under the conditions of Steinhardt ^s ex- 
periments, pepsin contains significant amounts of non-protein nitrogen, 
both in the crystals and in the solution in equilibrium with them. Stein- 
hardt showed that the experimental data could be explained on the assump- 
tion that the crystals form a solid solution, in which the activity of the 
pepsin is proportional to its mole fraction. The mole fraction of the pepsin 
is small, in the vsolid solution, although its weight fraction is large, since 
the impurities are of much lower molecular weight. If further the solu- 
bility of the non-pepsin components is low compared to that of the pepsin, 
then the relations to be expected theoretically should correspond with those 
described by equation 1. This equation is thus a special case, capable of 
, further generalization for other types of solid solutions, and the extension 
' of SteinhardUs analysis to other anomalous protein systems may yield 

. valuable results. 24 

The work of Northrop and his collaborators on crystalline enzymes 
during the last ten years, however, has indicated that protein preparations 
can be ol)tained which rigorously fulfil the requirements of the phase rule 
for a pure single component. The phase rule^^ is commonly defined by the 
equation 

p + F « C + 2 (2) 

Here P number of phases, F = number of degrees of freedom, and C = 
number of components. The components selected, to specify completely 
the (sompoBition of a given system may be chosen in more than one way, 
but the minimum number of components necessary to fix the composition 
of the system precisely is imiependent of this choice. A buffered solution 
of a single protein in salt and water must be regarded as a four-component 
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salt is ammonium sulfate, for instance, the four components may be chosen 
as water, protein, ammonium sulfate, and hydrogen ion (expressed as pH) . 
They may alternatively be chosen as water, protein, ammonia, and sulfuric 
acid, since the pH and ammonium sulfate concentration can be specified 
by the amounts of NH3 and H2SO4 in the system. The protein in the 
system consists of a large number of different ions and dipolar ions, all in 
equilibrium with one another (Chapter 20, p. 460) . The protein, however, 
is a single component, since the entire equilibrium between these different 
.forms is specified when the mass of total protein, and of the other com- 
ponents named, is fixed at a given temperature and pressure. 

Temperature and pressure are always fixed in accurate solubility meas- 
urements. Under these circumstances it is apparent from equation 2 that 
F ^ C - P. Thus in this four-component system, containing two phases, 
if salt concentration and pH are fixed, the concentration of the dissolved 
protein is fixed. If only one phase is present, one degree of freedom still 
remains, and the amount of protein present in that phase may be varied 
at will, below the point at which a second phase appears. If an experi- 
ment is conducted by adding increasing amounts of protein to a solvent 
which is initially protein-free, the results may be most conveniently de- 
scribed by plotting the protein content of the solution as ordinate, against 
the total protein content of the system as abscissa. The resulting curve 
is a straight line of unit slope, .up to the point at which the solution is 
saturated with the protein. Above this point the solid protein phase 
appears, and by the phase rule the composition of the solution is fixed, 
if the protein is a single pure component. In this region, therefore, the 
solubility curve should be a straight line parallel to the abscissa axis, the 
change from unit to zero slope being discontinuous at the saturation point 
of the solution with protein. 

The first curves of this sort were obtained for chymotrypsinogen by 
Kunitz and Northrop ’ Recently Butler^^ has been able to carry out 
a further fractionation of chymotrypsinogen; the solubility curves obtained 
on some of his fractions are shown in ‘Fig. 1. The fractions designated by 
Butler as A and A' give curves characteristic of solid solutions (see below), 
but fractions B, C and C' behave like pure single components, as nearly 
as can be judged from the data. 

If two or more solid phases, of different solubility, are present, the curve 
will show breaks for several different points, each corresponding to the 
concentration at which saturation with one of the components has been 
achieved. When saturation with all compondhts is attained, the composi- 
tion of the solution is invariant, and the curve is horizontal above this 
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that he studied “seemed to vary with the buffer used”. It thus becomes 
necessary to differentiate between the influence of neutral salts on the 
flocculation of edestin and on the insoluble compounds that this, and 
presumably* other globulins, form with acids. It would seem as though 
Osborne’s analytical procedure was less equivocal than the methods that 
have occasionally been applied to globulins without adequate consideration 
of their special chemical characteristics. 

Edestin is possessed of but a small number of acid and basic groups that 
dissociate in the neighborhood of its isoelectric point. Osborne’s measure- 
ments, interpreted on the basis of a molecular weight of 336,000, indicate 
that edestin contains 24 groups which can combine base in the neighbor- 
hood of the isoelectric point to form a soluble compound, and 24 which 
combine with acid to form the insoluble compound referred to above. A 
combination of acid with 24 other groups transforms the insoluble into 
a soluble hydrochloride^^. In all, therefore, 72 groups dissociate from 
pH 4.5 to 8.5. 

Not only globulins but also albumins form insoluble salts with anions. 
Thus serum albumin is isoelectric near pH 4.8. It has generally been 
crystallized near this reaction from concentrated salt solutions; minimum 
solubility shifting somewhat to more acid reactions, the greater the ionic 
strength. Recently the observation was made by J. D. Ferry^® that 
a fraction of serum albumin can also be crystallized from salt-free solutions 
near pH 4 as a somewhat insoluble sulfate— more soluble, however, at 
higher than at lower temperatures— and this phenomenon has been em- 
ployed in the further fractionation and purification of the crystalline serum 
albumins^^. 

Specific interactions between protein cations and other anions, especially 
complex anions, have, of course, always been recognized and many of these 
lead to the formation of new saturating bodies. Many analytical and 
industrial processes, among them the combination of proteins with tan- 
nates, picrates, picrolonates and phosphotungstates, depend upon the 
formation of such insoluble protein salts. Combination of proteins with 
such anions often leads to changes in the proteins, however, which are 
not readily reversible. 

A great many proteins are insoluble over a very wide pH range through- 
out which they combine with acids and bases to form a series of insoluble 
salts. The interpretation of the behavior of such protein solid phases 
demands a knowledge not only of the neutral molecule, but of the stoichio- 
metric and electrochemical valences of the several insoluble compounds. 


Chemical^Sodetk MUw^uke^ fe.^^eptember Chemistry at the 96th Meeting of the American 

“ McMeekin, T, Xi., J. Am. Ckem. Soc., 61, *2884 (1939). 
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point. Between the initial section of unit slope, and the final section of 
zero slope, lie one or more segments of the curve with slopes between zero 
and unity. In employing solubility as a criterion of purity it is especially 



important to study the portion of the curve which corresponds to the 
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In addition, the specific effects of both anions and cations upon the proper- 
ties of such protein complexes must generally be considered^®. 

Proteins which form soluble sodium or potassium salts often form in- 
soluble calcium acid salts. Thus casein passes into solution at 25°, as 
we have seen, with an equivalent weight of 2,100 grams casein per mole 
sodium hydroxide, or 47 X 10“® mole of sodium hydroxide per gram of 
casein. In the presence of small amounts of calcium hydroxide, casein 
forms an insoluble calcium salt which, however, dissolves on the addition 
of further calcium hydroxide^h Casein dissolves as a soluble salt when 
combined with 47 x 10 ^ mole of calcium hydroxide, or double the number 
of equivalents of base necessary to form a soluble sodium salt^^^. That 
casein combines with calcium hydroxide in molecular and not in equivalent 
proportions has long been recognized^^ and the more complex solubility 
relations in systems which contain not only casein but casein calcium salts 
as saturating body have been studied^^’ The influence of the calcium 
on the molecular weight of the casein in solution must also be taken into 
account^^ 

Certain of the serum proteins form insoluble calcium^^ and zinc salts, 
and this observation has been employed in the separation of serum globulins 
from one another^^. The molecular weight of serum globulins as of casein 
has been noted to vary in the presence of calcium ions^®. The isolation of 
various globulins as calcium and zinc salts must be expected to follow and 
to lead to the characterization of these complexes. 

Insulin alsoiorms an insoluble zinc salt, the amount of zinc in combina- 
tion with the protein crystals increasing with increase in pH from 2 to 4 
atoms per molecule. Dissociation of the zinc from zinc insulin compounds 
readily occurs, however, with liberation of zinc ions and of insulin contain- 
ing smaller amounts nf zinc^^’ 

Insulin also may be taken as an example of a protein anion forming 
insoluble salt with a protein cation. Protamine insulinate is less soluble 
than insulin and the protamine^® has been shown to displace zinc from its 
combination with insulin^^. The very basic protamines have long been 
known to form insoluble caseinates, and insoluble protein complexes occur 
also between proteins that are l§ss strong acids than insulin or casein and 

Steinhardt, J., Anals N. Y. Acad. Set., 41, 287 (1941). See Chapter XX, pp. 496-8. 

Van Slyke, L. L., and Hart, E, B., Am. Ckem. 33, '461 (1905) ; Van Slyke, L. L., and Van Slyke, D. I)., 
ibid., 38, 383 (1907). 

Loeb, J.,J. Gen. Physiol., 3, 547 (1020-21). 

« Pertzoff, V., J. Biol. Chem., 79, 799 (1928). 

23 Phiipot, F.- J., and Philpot, J. St. L., Proc. Roy. Soc. London, B 127, 21 (1939). 

2*Mellanby, J., J. Physiol., 33, 338 (1905). 

23 Felton, L. D,, J. Immunol., 21, 357 (1931), 

2«Svedberg, T., personal communication. 

22 Scott, D. A., and Fisher, A, M., Biochem. J., 29, 1048 (1936). 

2* Cohn, E. J., Ferry, J. D., Livingood, J. J., and Blanchard, M, H., Science, 90, 183 (1939); J. Am. Chem. 
Soc., 63, 17 (1941). 

2»» Ferry, J. D,, The Collecting Net, 14, 154 (1939). 

29 Hagedorn, H, C,, Jensen, B. N., Krarup, N. B,, and Wodstrup, I., J, Am. Med. Assoc., 106, 177 (1936). 
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a solubility independent of the amount of solid present, even if the solid is 
composed of several different phases. 

These considerations are illustrated by Kunitz^s solubility measure- 
ments^®*^' on a and 7 chymotrypsin at pH 5.5, studied both separately 
and in combination (Fig. 2). Neither protein is quite pure, although both 
are nearly so; but the mixture of the two shows sharp breaks at B and C 



M|. 



.. curves of artificial mixtures of crystals of alpha and 

*’ ■ 1 /. ' ' V' cent alpha -f- 60 per cent gamma) in 0.4 satiirjLfpd 

^ At the presence of incrensinK quantities 

01 solid phase. At pH 4.0 the curve is of solid solution type while at u H 5 5 the curve 
theoretical curve of a mixture of two independent solid phases 
l°^207 aSs"' “ ’ Kunits. M.,J. GmPhyZi: 


(Fig. 2, middle curve). If only the portion CD of this curve had been 
studied, it might have been taken as evidence for constant solubility by 
less careful and critical workers. 

Systems containing two or more protein components, may give solubility 
curves which, when plotted in this fashion, are exactly like tho.se of a single 
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less strong bases than the histamines and protamines. Stoichiometric 
combinations between protein ions would also appear to lie at the basis 
of the so-called precipitin reaction and thus play a large role in immunity 
as well as in other aspects of protein chemistry ’ ’ . 

VIL Solubility in Concenteated Salt Solutions: Salting-Out 

The precipitation of proteins by neutral salts has been employed as a 
method for their separation, purification, characterization and occasionally 
classification®’ ever since the procedure was first employed in the middle 
of the last century by Panum®^, Virchow^^ and Claude Bernard Hof- 



lonic strength: r/2 

Figure 5. The solubility of proteins in ammonium sulfate solutions 


meister demonstrated that salting-out depended upon the character of 
the neutral salt as well as of the protein, and his studies of solubility in 
concentrated salt solution have since been supplemented by those of 
Chick and Martin^'^, S^^rensen and his co-workers^® and by various other 
studies®' Certain of the results in concentrated ammonium sulfate 

Heidelberger, M., Cold Spring ffarhor Symp, Quant. Biol., 6, 369 (1938); Chem. Rev., 24, 323 (1939). 

M Marrack, J. R., '"The Chemistry of Antigens and Antihodiesf* 2nd ed., London, H. M. Stationery Office 
(1938). 

« Pauling, L,, J. Am. Chem. Soc., 62, 2643 (1940). 

“ Green, A. A., J. Biol. Chem., 95, 47 (1932). 

w Panum, P., Virchow^s Arch. path. Anat., 4, 419 (1852). 

» Virchow, R., ibid., 6. 572 (1854). 

Bernard, C., in Robin, C,, and Verdeil, F., Traiti de chimie anatomique, Paris, 3, p. 299 (1853). 

>7 Chick, H., and Martin, C. J., Siorkem. J . 7, 380 (1913), 

» Sdrensen, S. P. L., and jro\r-..i . M., O.i*;;.'. rend. trav. lab. Carlsberg, 12, 213 (1917). 
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pure protein. Such a situation may arise in two ways”’ (a) the solid 
tam the moment of its first appearace, copsiste of t»o distinct phases: 
This can occui oniy if the two proteins are present in the system in amounts 
proportional to thojr solnb. Iitios. (b) Only one solid phase is present, 
but this phase is a solid solution of two proteins which dissolve in the same 
proportion in which they are present in the solid. In either case if the 
different proteins differ significantly in structure, and especiaUy in their 
acidic and basic properties, it is to be expected that their relative solubilities 
should not be the same in all solvents. It is therefore important if a 
rigorous test of purity is sought, to repeat the solubility curve determination 
in severaWifferent solvents, of different pH and different salt concentration 
The choice of solvents is, of course, restricted in practice. The solvent 
must not denature the protein, and the solubility of the protein in any 
solvent chosen must be large enough for accurate measurement, and small 
enough to peimit making many determinations on the protein sample 
available. 

the .solid phase is a solid solution, the components do not 
dissolve in the same proportions in which they are present in the solid. 
Then the curve shows no sharp breaks, passes fairly smoothly from the 
initial portion of unit slope to the final portion of zero or nearly zero slope. 
This situation is illustrated by Fig. 3, showing Kunitz’s data for « and y 
chymotrypsin at pH 4.0. It is interesting that these two proteins form 
a solid .solution at this pH, but are present as two distinct solid phases 
at pH 5.5 (Fig. 2). The theory of solid solutions, as applied to protein 
solubility, has beeii discussed in great detail by Northrop and Kunitz®’ 
and by ButIer*^ 

Recently, Herriott, Desreux and Northrop®" have shown that the solu- 
bility curves of ordinary crystalline pepsin preparations indicate the 
presence of more than one protein. They have separated one of the 
proteins involved, and showed it to have constant enzymatic activity 
and con.stant solubility in several solvents. In certain solvents — ^notably 
thos(i containing acxjtate buffer — the solubility was found to be markedly 
affected by the; amount of non-protein nitrogen decomposition products 
pre.sent, while in other solvents this was not the case. The most favorable 
conditions for obtaining constant solubility were found to involve pH values 
generally between 4 and 5, where the rate of formation of non-protein 
decompo.sition products was' much slower than in the more acid solvents 
employed b.y Steinhardt” and other investigators. 

The most effective method of fractionation is to equilibrate the protein 
with a .solvent in which a considerable amount dissolves, but much is left 
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solutions are graphically represented in Fig. 5 in which the logarithm of 
the solubility is plotted as ordinate and the ionic strength, r/2, as abscissa. 
The linear relation that then obtains was demonstrated in 1925^^, and its 
significance discussed. 

Salting-out is characteristic not only of proteins but of gases, of un- 
charged molecules and, in sufficiently concentrated solutions, of electro- 
lytes, and is given by the equation: 

log S = /3' - K:(r/2) (9) 

K's, the salting-out constant, gives the slope, /?' the extrapolated intercept 
of the linear portion of the curve on the ordinate axis. If the solubility 
and the ionic strength, are expressed as gram per thousand grams of water, 
a similar logarithmic equation also applies. 

log S ^ ^ - K'j/2 (9a) 

or, if solubility is expressed as mole fraction of protein, 

log == - KIt/2 (9b) 

The fit of the equations to the data is almost equally good in all these 
expressions^^, but the values of the constants involved (/? or /?', and Ks 
or Ks) will naturally be somewhat different according to the form of 
expression which is used. 

These equations describe the solubility of proteins only over a limited 
range in concentrated salt solutions where the solubility is sufficiently 
small. Indeed they hold only when the salting-out effect is large in com- 
parison with the solvent action of neutral salts; the apparent constant, 
if 8, representing a summation of both effects. The exactly comparable 
behavior of cystine in ammonium sulfate thus led to an apparent value 
of if 8 of 0.044 (Table 2, Chapter 11), whereas the true salting-out constant, 
if®, was estimated to be far greater, namely, 0.14 (Chapter 11). Before 
considering the interaction of ions >vith proteins as dipolar ions, we shall 
therefore first consider the simpler conditions that appear to obtain in 
very concentrated salt solutions. 

Values of 

The salting-out constant, if®, for a given protein and a given salt, within 
the experimental error, is independent both of temperature and pH, 
whereas jS' is markedly influenced by pH and temperature. Values of 
ifa may thus be employed to characterize the interaction of a particular 
protein with a concentrated solution of a given salt. Values of /f® for a 
number of different proteins in different salt solutions are given in Table 6; 
a few values for amino acids are also given for comparison. 

Cohn, E. J., PhysioL Rev., 5, 349 (1935). 

« Akerldf, G., and Thomas, H. C., /. Am. Chem, Soc., 56, 593 (1934) 
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undissolved- The soluble portion is taken off, precipitated, and then 
reextracted with the same solvent used in the first extraction. The pepsin 
fraction which dissolves on the second extraction has a solubility curve 
such as would be expected for a single component Further fractiona- 
tions may of course be undertaken, either on the less soluble or on the 
more soluble portions from a given extraction. This method of repeated 
extraction and precipitation with the same solvent ha^ proved very eilfec- 
tive also in the purification of diphtheria antitoxin^\ It is effective in 
separating two or more proteins, whether they are present as separate 
solid phases, or as a solid solution^^ 

Other proteins which behave nearly like pure components, by Northrop^s 
method, are trypsin®^, salmon pepsin^\ ribonuciease^^ pituitary luteinizing 
hormone^^ and lactogenic hormone*^. The studies on these proteins, 
however, are less extensive and detailed than those on pepsin and chymo- 
trypogen. 

Certain other proteins behave, by the test of solubility, very nearly 
like pure single components. Among these are egg albumin and horse 
carboxyhemoglobin, already mentioned as having been studied by Sorensen. 
Others are human hemoglobin^^, myoglobin^®, fibrinogen^^ lactoglobulin^^, 
and a fraction of crystalline serum albumin^l 


The Thermodynamic Activity of the Protein in the Crystalline Phase 


In Chapter 24, the effect of pH, of the dielectric constant of the medium, 
and of other factors on protein solubility will be considered. If two dif- 
ferent solvents are in equilibrium with the same solid phase, then the 
activity of any component in the two solutions is fixed, and is equal to the 
activity of that component in the solid phase. From the equal activity 
of this component in the two solutions, it immediately follows that the 
ratio of the activity coefficients in the two solutions is inversely as the ratio 
of the solubilities. 

It has, however, been shown^^ that the density of crystals of many, if 
not all, proteins is a function of the composition of the medium with which 
they are in equilibrium. The crystals are composed not only of protein, 
but of varying amounts of water, and probably of other components of 
the solvent. The alteration in the size i of the unit cell in protein crystals, 


Northrop, J. H., /; Gen, Physiol., 25, 465 (1941-42)* 

32 Herriott, R. M„ Chem, Rev,, 30, 413i (1942), 

Kunitz, M,, J. Gen. Physiol, 21, 601 (1938), 

« Norris, E, R., and Elan, D. W., J. Biol. Chem,, IH 443 (1940). 
35 Kunitz, JVT., J. Gen. physiol, 24, 16 (1940). 
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as dctermiiied from x~ray diffraction (Chapter 14) on drying or as a result 
of less drastic changes in the solvent, provides even more direct evidence 
that these materials are an integral part of the protein crystal. The 
effect of such variations in composition on the thermodynamic activity 
of the protein component of the crystal is not known. If such knowledge 
is later obtained, it will place the thermodynamic interpretation of protein 
solubility studies on a firmer foundation. Even at present it is possible, 
as has been shown by Joseph^^ in a series of electromotive force studies, to 
measure the effect of a protein on the activity of a salt, and thereby to in- 
fer, ^ by a simple thermodynamic relation,* the effect of the salt on the 
activity of the protein. The calculated effects are of the same order of 
magnitude as those deduced from solubility studies, taking the activity 
of the protein in the crystalline phase as a constant. It appears probable, 
therefore, that the interpretation of protein solubility in terms of activity 
coefficients, as developed in Chapter 24, is a correct first approximation. 

Joeeph, N. R., J.Siol, Chem,, 116, 353 (1936); 126, 389, (1938). See Chapter 24, p. 619. 

* See Chapter 11, Equation 16. 
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In general the values of Kl for the proteins in Table 6 are ten to fifty 
times as large as for the amino acids (with the exception of tyrosine, whose 
salting out constant is reported to be remarkably large) . In a logarithmic 
equation, differences of this magnitude in KI produce very- great di- 
ferences in the effect of salts on solubility. Thus the solubility of leucine 
if reduced approximately 11 per cent by 0,5N sodium chloride, while the 
solubility of fibrinogen is reduced by nearly 1000 per cent by a change in 
the ionic strength of a phosphate buffer solution from 1.5 to 2.0. Values 
of Ks for different proteins and the same salt, or for different sMts and 
the same protein, have not been found to differ by a factor of more than 


Table 6. Values of the Salting Out Constants, K/, foe Amino Acids 

AND Pkoteins 


Substance 

Cystine* 

a-Aminobutyric acid (1) 

Leucine (2) 

Tyrosine (3) 

Lactoglobulin (4) 

Hemoglobin (horse) (5) . 
Hemoglobin (man) (6) . . . 

Myoglobin (7) 

Egg albumin (8, 9) 

Fibrinogen (10) 


NaCl 

0.04 

0.09 

0.31 

MgS04 

(NH4)2S04 

0.05 

NasS04 

0.63 

Phosphate 

1.07 

0.33 

0.71 

0.94 

1.22 

1.46 

0.76 

1.00 

2.00 

2.16 


Sopae of these values are slightly revised from earlier estimates (9, 11), where 
certain data have been rechecked and recalculated. 

* From the data shown in Pig. 4, p. 243, Chapter 11. 


51 ) Joseph, N. R., J.Biol. CAem., Ill, 479, 489 (1935). 

P., and Wttrgler, J., Z. phyinol Chem,, 97, 128 (1916). 

(3) Elder, H. v., a- Vr V X *» ■* M 10 . 113 (1924). 

J4) Palmer, A. H., ./ ■' . iw. • : 34 ); Pederson, K. 6 ., ffiockem. J., 30, 961 (1936). 

10 ^ Vjrr 66 n, A. A^i u , ' ^ ^ 

m Green, A . C‘ ! ■ . ■ i ; ■ ■ > . ; . M. H., ibid,, 109, 631 (1935). 

(7)- Morgan, V. E., ■■ ■: 111*. V ; » » s / 

[9) a)h?®E' J ‘ P). ' ■ ■ ’ » ■" ■ '■ ■ ' "■ 12, 213 (1917). 

(10) FlorkimM.V* ' ' ' ■ 

(11) Cohn, E. J., Ann. Rev, Biochem., 4, 93 (1936). 


about two. Thus the value of K', for fibrinogen is slightly more than twice 
as great as for horse hemoglobin, whether potassium phosphate buffers 
or ammonium sulfate he used as the precipitating agent; and the efficiency 
of potassium phosphate as a precipitating agent for fibrinogen (as measured 
by the value of K',) is almost exactly twice as great as that of sodium 
chloride. 

For proteins as for simpler molecules, salts containing multivalent anions 

^phosphates, sulfates, and citrates* — ^are the most efficient salting-out 
agents. Sodium sulfate is definitely, more effective than ammonium 
sulfate, but the higher solubility of the latter salt often renders its use 
more convenient. Sodium and potassium chloride salt out fibrinogen and 






Chapter 24 

Interactions of Proteins with Ions and Dipolar Ions 

By Edwin J. Cohn and John D. Ferry 
I. Solubility and the Heat of Solution 

The more precise the criteria that are employed in demonstrating that 
proteins are chemical individuals, and the more nearly protein preparations 
satisfy these criteria, the more exact will be the physical chemical laws 
that are deduced to describe systems containing proteins. Crystalline 
proteins are often more readily purified than amorphous products, but 
crystallizability is not an indication that a single chemical substance has 
been separated. Thus repeatedly recrystallized serum albumin prepara- 
tions have been shown by Sprensen to exhibit profound dependence on 
the amount of protein in the system; thus not satisfying the phase rule 
criterion for a chemical individual. On the other hand, casein, an amorph- 
ous protein, can be prepared in such a state of purity as to exhibit solubility 
behavior far closer to that demanded by the phase rule. 

Thus if our systems contain only one protein and water and the tempera- 
ture be maintained constant, the solubility of the protein should also be 
constant. Some early measurements upon casein illustrate the extent 
to which this criterion was satisfied. The amount of protein in each 
system at the beginning of the experiment varied twenty-fold. After 
the precipitate had been adequately triturated with successive aliquots 
of solvent, in this case water at 25°, solubility approached a constant value 
independent of the amount of protein in the system and of the number of 
times it was equilibrated with solvent. Had the preparation been com- 
pletely pure, solubility should have been the same in the first addition 
of solvent as in the last. This was not achieved since the casein could be 
washed free of impurities of higher solubility by repeated trituration. 
None the less, the solubility of casein can be taken from these experiments 
iat close to 18 mg of casein nitrogen per liter, or 0.11 gram of casein per 
liter at this temperature (Table 1). 

The solubility of a protein in any solvent must, as we have seen, be a 
function of the temnerature. Soliibilitv of in w^.+Ar Laq Kaati 
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Table 1. Solubility of Casein V 
T. = 25.0° ± 0.1°C. 

Protein nitrogen suspended in 100 cc. Hrf) at beginning of experiment 


Experiment 

Date 

8.55 

No. 



1922 

mg. 

39 

Apr. 3 

0.47 



0,42 



0.42 


•Apr, 11 

0.50 



0.36 



0.40 


Apr. 14 



Average 0.43 


17.10 ^ 42.75 SsfsO 

Protein nitrogen in 25 cc. filtrate 

mg. 

171.0 

mg. 

mg. 

mg. 

mg. 

ro.72i 

0.42 

0.47 

0.48 

0.37 

0.47 

0.50 

0.92 

0.47 

0.50 

0.47 

L 0 . 72 J 

0.40 

0.50 

0.45 

0.^ 

0.36 

0,46 

0.45 

0.51 

0.65 

0,45 


0.50 


0.40 

0.40 

0.40 


0.40 

0.50 

0.40 


0.40 

0.45 

0.45 

0.43 

0.46 

0.46 

0.46 


Table 2. Solubilities and Heats of Solutions op Vakious Proteins 


Protein 

Zein (1) 

Casein (2, 3) 

Insulinf (4) 
Lactoglobulin (6) 


Egg albumin (6) 


Oxyhemoglobin (7, 8, 
9) 

Carboxyhemoglobin 

( 10 ) 

Serum albumin sul- 
fate (horse) (11) 


Solvent 

Water 

Water 

Water 

Water 

0.25^ glycine 
0.60M glycine 


Temper- 

ature 

(“C.) 

25 
6 

26 


6 

26 

5 

25 
5 

26 


2.14ikf ammonium 
sulfate 


Water, pH 6.6 

L267M phosphate 
bufer, pH 6.6t 

Water 


0 

12 

20 

29 


0 

25 

5 

26 


Solubility 
(gra. per 
liter) 

S 

0.054 

0.043 

0.11 

0.009 

0.35 

0.58 

2.6 

3.3 

6.8 

9.1 

3.18 

2,09 

1.81 

2.24 

11.2 

17.0 

22.7 

2,68 

120 

80 


Solubility 
of neutral 
molecule 


0.09 


Calculated 
heat of 
solution* 
AH 


7800 

positive 

4200 

2000 

2m 

negative 

positive 


’^Calculated by the equation AB 


R In (Si/Si) 


11.0 positive 
-18000 
-3300 

This equation cannot be. 


(l/Ti) - 

expected to hold for such concentrated solutions as for instance those of serum al- 
bumin sulfate. The calculations are none the less made since they show the sign 
and order of magnitude. , , . x* f 

t Insulin sulfate resembles serum albumin sulfate (personal communication of 
J. D. Ferry) in that it has a negative heat of solution. 

t The heat of solution is independent of phosphate concentration from 0^ to 
L8M, over which range solubility is primarily determined by the saltmg-out effect, 
and the solubility diminishes about ten-fold. 

(l) Cohn, E. J., Berggron, E. E. L., and Hendry, J. L., /. Oen. Phymol.^ 7, 81 (1924). 

(2 PertjjoS. V.,/. Oen. Phyml, 10, 961 (1927). „ ^ ^ ^ . r i k 

(%{ nnh«, E. J.. J. a&ft. PhvdoL. 4. 697 (1922): Cohn, E. J., and Hendrjr, J. 5, (1923). 



606 


PROTEINS, AMINO ACIDS AND PEPTIDES 


also myosin^^ although at higher salt concentration than sulfate; but 
their salting-out effect on hemoglobins and albumins does not lead to a 
marked decrease in protein solubility in their saturated solutions. The 
saltihg-out tendency of calcium chloride, and presumably of other salts 
containing bivalent cations, is apparently still smaller for proteins, as it 
is for amino acids (Chapter 11). 

as a Function of pH. 

In contrast to the constancy of Ks for a given protein and a given salt, 
the variation of jS with pH and temperature is very marked. /3 is the 
logarithm of a purely hypothetical protein solubility obtained by backward 



I 

40 

1 1 

4.5 5.0 

1 

5.5 

1 

pH OF ALBUMIN SOLUTIOfjlS 

\ 

6.0 

6.5 7.0 

pH OF HEMOGLOBIN SOLUTIONS 

7.5 


Figure 7. The solubility of hemoglobin and of egg albumin in concentrated salt 
solutions of yarying pH. From Green, A. A., J, Biol. Chem,, 93, 517 (1931). 

extrapolation of the linear fraction of curves such as those in Fig. 5. Its 
variation with pH reflects the influence of the ionization of the protein 
upon solubility in concentrated salt solutions. Plots of log S against ionic 
strength at various values of pH yield a series of parallel lines, as shown 
in Fig. 6, taken from the work of Green® on hemoglobin. At a given ionic 
strength, solubility as a function of pH may be described by equation 6 
for both hemoglobin and egg albumin. Fig. 7 shows the variation of ^ 
with pH in concentrated salt solutions for these two proteins. The curves 
passing through the experimental points are calculated from equation 4 
or 6, using suitable values of Sn and of the constants K[K 2 and 
(Table 5). Since equation 9 holds for these systems, and Ki is independent 
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at more than one temperature^ and reported to be 7 mg of casein nitrogen 
per liter or close to 0.043 gram casein in one liter at 5°. The heat of 
solution of uncombined casein in water may be calculated from these 
solubility measurements at 5 and 25° to be 7800 calories from the relation 

,,, i21n(&/5i) 

- (l/TO-d/T,) 

Lactoglobulin and several other proteins have been studied in both water 
and other solvents, and these results also are represented in Table 2. 
Whereas more accurate measurements of these and other proteins in these 
J and other solvents may subsequently be reported, the results at present 
available suffice to illustrate the magnitude of these quantities. 

II. Solubility and Equiv.4.lbnt Combining Weights 

Solubility should be independent of the amount of the saturating body, 
not only in water but in any other solvent -of fixed composition and tem- 


Table 3. Solubility of Casein in Systems Containing the Protein and Small 
Amounts or Sodium Hydroxide 





Protein N in 100 cc- 


Average protein 

NaOH added 

Hyd/ogen ion 

80 mg. 

160 mg. 

320 mg. 

N dissolved in 

to casein 

concentration 

Protein N dissolved in 10 

cc. 

10 cc. 

N X 10-^ 

NXIO-^ 

mg. 

Mg. 

mg. 

mg. 

0.5 

0.50 

0.29 



0.29 

1.0 

0.34 

0.43 

0.43 


0.43 

1.5 

0.28 

0.57 



0.57 

2.0 

0.24 

0.74 

0.73 

0.75 

0.74 

2.5 

0.21 

0.91 



0.91 

3.0 

0.20 


0.98 


0.98 

4.0 

0.17 

1.35 


1.34 

1;34 

5.0 

0.15 

1.77, 

1.73 


1.75 

6.0 

0.14 



1.89 

1.89 


From Cohn, E. J., and Hendry, J. L., J. Gen. Physiol., 6, 621 (1923). 

perature. Many proteins, as we have seen, have low solubilities in the 
neighborhood of their isoelectric points and may there be purified and 
often crystallized. Those that are globulins are rendered more soluble 
in the neighborhood of their ^oelectric points by electrostatic interaction 
with ions and sometimes with dipolar ions. Most proteins, however, are 
more soluble when combined with acids or bases than when uncombined. 
The increase in solubihty of proteins in systems containing acids or bases 
is, moreover, often stoichiometric in nature. This is illustrated in Table 3 
by some early measurements upon the solubility of casein m the presence 
of varying amounts of sodium hydroxide at 26°. 

In these experiments the amount of protein in systems containing the 
same amount of base was varied four-fold without measurably affecting 
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of pH, these curves also represent the* variation of the logarithm of the 
actual protein solubility (log S) at constant ionic strength, as a function 
of pH.* 

Sprensen^^ has shown that the solubility of horse carbox^’^hem.ogiobin 
in concentrated ammonium sulfate passes through two minima, one near 
the isoelectric point at pH 6.6, the other in acid solutions at pH 5.4. He 
interprets this second minimum as due to the formation of an insoluble 
hemoglobin sulfate, containing 12 or 13 sulfate ions per mole of hemoglobin. 
The insolubility of such protein salts, especially in the presence of neutral 
salts, has already been discussed. 

as a Function of Temperature. 

The value of is very sensitive to temperature, as well as to pH, A 
series of solubility measurements, at various temperatures and ionic 
strengths, plotted logarithmically in the salting-out range, forms a series 
of parallel straight lines (Fig. 6). Horse carboxyhemoglobin is approxi- 
mately ten times as soluble at 0° as at 25° under these conditions, although 
at low salt concentrations its solubility is increased by rise of temperature. 
Thus instead of a positive heat of solution that of hemoglobin is negative 
and equal to — 18000 calories in concentrated phosphate solutions (Table 
2). In myosin^^ the decrease in solubility with rise of temperature, in the 
salting-out range, is even more marked; a solution which is highly soluble 
at 0° may be almost completely precipitated at 25°. The effect of tem- 
perature on the solubility of egg albumin, on the other hand, is relatively 
slight; the measurements of Sprensen (38) indicating that solubility passes 
through a slight minimum at about 20° (see 8 and Table 2). Although 
some proteins are more soluble, others are much less soluble under given 
conditions at low than at high temperature. 

The varying response to pH and temperature of different proteins proves 
of practical importance in their separation. Constituents of a complex 
protein mixture which are very similar in solubility at a given pH and 
temperature may be affected very differently by the variation of one or 
the other of these factors. 

A vast number of investigations of the fractionation of the serum proteins 
by salting out have been made; of those in relatively recent years the work 
of Howe® may be particularly mentioned. Still more recently Butler and 
his collaborators^^* Kydd'®, and Jameson have analyzed the salting 


* The ordinate in Fig. 7 is not but//? minus a constant, This is defined by the relation: 

S/Sn = antUog ^/antilog 

The method of ealculati„*d„ explained in detml "y 

No. 11 (1933): BioCem. Z.. 

Butler?A. M., and M -V—.—. H T Biot. 

Butler, A. M., Blatt . . ' ^ ; ; r ■■ r. H., M., 109, /65 (1936). 

*(Md awing 2^9^(1937^^^ 

« Jameson, E„ and Roberts, B. B„ /. Gen, Phynd., 21, 240 (1037). 
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but slightly with the amount of ’casein in the solid phase, and it was there- 
fore concluded that true heterogeneous equilibria had been attained in 
these systems. 

When the solubility measurements upon casein in systems containing 
small amounts of sodium hydroxide (Table 3) are plotted as ordinates and 
the base as abscissae, the points fall on a straight line. Accordingly, one 
must conclude that each mole of base carried an equivalent 'weight of 
casein into solution. The equivalent combining weight of casein given by 
the slope of the straight line in Fig. 1, as well as by measurements in 
systems containing far larger amounts of sodium hydroxide^ was estimated 



Figure L Solubility of casein. From Cohn, E. J., and Hendry, J. L., /. Gen. 
Physiol., 6, 521 (1923). 


to be approximately 2,100 grams of casein per mole of sodium hydroxide 
at 25^ 

Casein has, as we have seen, a certain solubility in water at this tempera- 
ture, estimated to be close to 18 mg nitrogen per liter (Table 1). Extra- 
polation with the straight line drara in Fig. 1 indicates that casein to 
which no sodium hydroxide has been added has a solubility m water of 14 
mg casein nitrogen per liter. The difference, 4 mg casein nitrogen, is 
coLidered a nie^ur, of the solubaity of caeij. ions in ‘ 

: the oasoin molecule. The eolubi By of 
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out of serum proteins in phosphate, acetate, or citrate solutions and have 
differentiated several distinct steps in the process, presumably corre- 
sponding to the separation of different protein fractions. Recent studies 
of the salting out of the proteins of serum, separations being followed by 
electrophoretic and ultracentrifugal analyses^®’ 50, 6 i, 62, 63 . 54 how- 

ever — as Hardy long ago suggested — ^that the effect of salts on serum pro- 
teins is very complex.* 

The underlying mechanism of the salting~out effect may be considered 
from varying points of view. Hofmeister^® emphasized an important 



Figure 8. The solubility of hemoglobin in salt solutions of varying ionic strengths* 
Data from A. A. Green. From Cohn, E. J,, Chem, Rev., 19, 241 (1936). 


element of the truth in suggesting that the phenomenon was due to a 
''dehydration'' of the protein by .the added salt. This conception, couched 
in rnore explicit and quantitative terms, forms the basis of Debye's theory 


-•B Mutzonbecher, P. v., Biockem. Z., 266, 226, 250, 259 (1033), 

“McFarlane, A. S., Biochem. J., 29, 407, 660, 1176, 1209 (1936). 

Kekwick, R. A., ibid., 32, 552 (1938). 

3386 (^940)! J. L., Newell, J. M., and Hughes, W, L., /, Am. Chem. Soc., 62, 

63 McMeelcin, T. L,, ibid., 62, 3393 (1940). 

(19^0?°^”’ J. L., Armstrong, S. H., Jr., and Davis, B. D., ibid., 62, 8396 

this i^necften ■ by Pauli and Vaik6». In 

fit \f^ i' ■' ■ ” ■■■■ , 2nd edition, Dresden and Leipzig (1933). 

17 J^ineaon, E., 'Iraris, Faraday Soc., 26, 768 (1930). P » \ ) 

Cohn, E, L, Chem. Reo., 28, 395 (1941). » . k / 

« Hofmeister, F., Arch. Expt. Path. Pharm., 24, 247 (1887-88). 
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of salting according to which the salt ions .attract around themselves 
the more polarizable molecules of the medium (in this case water), thereby 
squeezing out other components such as proteins. The specific influences 
of different salts, as enunciated by Hofrneister in his studies on proteins, 
are found also in the action of salts on amino acids, and indeed on the 
Simplest gases 

The striking qualitative similarity in the action of salts on the solubility 
of cystine* and of hemoglobin (Fig. 8) should be stressed. The salting- 
out effect in the action of salts on amino acids is apparent even in 
very dilute salt solutions; in proteins, likewise, its significance probably 
will prove to be even greater than earlier investigators were led to 
suspect. The elucidation of the nature of the effect is -not a special 
problem, confronting the colloid chemist only; it is rather a problem of 
extraordinarily wide scope in the general theory of solutions. 


VIII. Solubility in Dilute Salt Solutions: Salting-In 


Neutral salts have a profound solvent action upon the class of proteins 
termed globulins. This effect, first noted by Denis, was investigated in 
1905 by W. B. Hardy” and by Mellanby^‘ in serum globulin, and by 
Osborne and Harris^ for edestin. The changes in solubility observed 
are so large as to form the basis not only for classification but also for 
methods of purification. Presumably the dipole moments of these mole- 
cules are also very large, but they have not yet been investigated, nor have 
preparations of these proteins been available in such a state of purity that 
their solubility in solution was independent of the amount present in the 


solid phase. i i „„ „„„ 

Hemoglobin .,nd lactoglobulin satisfy this criterion as closely as any 

proteins thus far investigated. Activity coefficients in aqueous sodium 
chloride of hemoglobin*’ “ and lactoglobulin have been calculated from 
solubility measurements, and are graphically represented m Fig. 9, where 
they* are compared with those of glycine, asparagine and cystine. As m 
the case of the peptides, the logarithm of the activity coefficient increases 
with the dipole moment, and as a first approximation, by slightly less than 

^^T^feCults ItuW 

of ffigh dipole moment. Their low solubUity in f 

therefore, to very high crystal lattice energies for this class as for the 

« D6hye. F.. «nd McAulay I., 
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When heterogeneous equilibrium is established between the solvent 
and a single saturating body, the solubility, S, may be put equal to the 
sum of the solubility of the protein molecule, Sn, and of the concentrations 
of soluble protein anions, P”, P , P , P'^~ and protein cations P*^, 
p4-++^ pn-f^ where the positive or negative charges are considered 
net charges of protein ions present as soluble salts. We may therefore 
write: 


S^S„+(P+ + p-) + (P++ + p-) + (P+++ + P — ) 

+ • ■ • (P’’^ + P”-) 


( 1 ) 


This equation does not specify whether the protein molecule be un- 
charged or a dipolar ion, or whether the ions have multiple charged groups 
and higher electrical moments, but merely that the molecule is neutral and 
the ions into which it dissociates vary in valence. The greatest valence of 
the cation is tentatively taken as the largest number of positively, n-f , and 
of the anions of negatively, m-, charged groups of the protein. 

Substituting for the concentration of the ions the mass law expressions 
for their concentration, we have, if we neglect activity coefficients: 

A 




•) , Kn+1 

m/ 


I ( 


•f 


/ (H+)“ 




(K+y 


(2) 


(H+r , ifn+lifn+jiTn+a ••• 

\KnKn^xKn-, . . . iti ^ ~ 


Solubility of a protein even in the neighborhood of its isoelectric point 
is the sum of the solubility of the saturating body and of the ions into which 
it dissociates. The ratio of neutral molecules to ions depends upon the 
overlapping of the acid and basic dissociation constants. The summation 
of the first term in each parenthesis, the ratio of the hydrogen ion to the 
dissociation constant, measures the dissociation into cations; the summa- 
tion of the second term in each parenthesis the dissociation into anions. 
If the hydrogen ion concentration is taken as that of the isoelectric point, 
the concentration of anions is equal to the concentration of cations, and 
the greater the constants defining the dissociation respectively into acids 
and bases the greater the number of ions in equilibrium in the isoelectric 
state with neutral molecules. 


III. Solubility and the PIeat oe Neutralization 
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If base is added to such a protein salt, the first effect will generally be 
dissociation of carboxyl groups. The number of these losing protons— 
and rendering the protein a dipolar ion— will vary from protein to protein 
and depend both on the number of carboxyl groups and the strength of 
their dissociation. The heats of neutralization of most carboxyl groups 
is small and the number dissociating will thus not greatly vary with 
temperature. 

As more base is added to the protein afid the pH increases, the positively 
charged imidazole, amino and guanidino groups will tend to lose protons, 
reducing the number of protein cations and increasing the number of 
protein anions. As we have seen, the pH ranges in which the basic groups 
of peptides dissociate are far greater for guanidino than for amino, and for 
most amino than for imidazole groups. On the average, therefore, the 
first positive groups that lose protons, and which together with increase 
in the number of negatively charged groups, due to carboxyl dissociation, 
account for the decrease in positive and the increase in negative charge 
of proteins as the reaction becomes less acid and approaches neutrality, 
are the imidazole groups. 

The heat of neutralization of imidazole groups is far greater than that 
of carboxyl groups (see Chapters 4 and 20). As a result the combining 
capacity of a protein will vary far more with temperature in neutral than 
in acid .solution and more still in alkaline solutions in which the amino 
groups lose their charge. That this is true in homogeneous reactions 
has been demonstrated by EMF measurements (Chapter 20). Solubility 
measurements should also reflect influence of different temperature on 
the acid" and basic groups of proteins. The nature of the effect to be 
expected on theoretical grounds is indicated by equation 2. 

T. B. Robertson* early carried out an extensive series of measurements 
on the solubility of casein in solutions both of alkali and alkaline earth 
hydroxides* at various temperatures. In the case of alkaline-earth 


1 TV-Sfirt-rin, T. B., /. Btol n,. «r.ri Mr onalesrent when heated 

‘ -Ii; iv.*. that the salts of casern wit.. ( 0>- confirmed these 

tti i-h -i;: -ir . Thf '■t.ai(.‘',(:(5nce disappeared upon the ' 

w *.<«' *• , J t: ohn-u;*. Ii Vivv ! I-..* 


.. tlii/j protein and monovalont ^ correctly pomied out that the hypoiiitaLS ol 

the in temperature the soluhilitj' inciea.. .. , anli’l'iiUlv of casein in monovalent bases 

();!lK,rne did not cxnliiin the olTcet of icm pc-Tatiim supposition that, the effect of tem- 

find concluded thjf ■ ' " ' ' . ' 

perature consjii.tfi in ' 


HXOH + HXOH ^ HXXOH + H 2 O 


with a molecule of nearly double the 
...jorn temperature (21“). The marked 


towards the right so that a given ffs :■ m: ‘'I Vj r-.>om tempen*uuit? *** t" 

weight, neutralises Oi’r i- r.ccurs on raising the temperature, can be 

In f.b« fiohibilitv of c.'u-tvr. (.;i Oil . ■•d- -is .... narXOH): is soluble.*’^- P- 
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peptides of glycine.* In other respects also the physical-chemical behavior 
of glycine' and asparagine are superficially similar. Thus the change in 
free energy with change in solvent from water to ethanol at 25° of these 
two dipolar ions®^’ is almost identical; the values of log N^/Nq for glycine 
and asparagine are, respectively, -3.391 and -3.402. 

The role of ion-dipole interaction in determining the solubilities of pro- 
teins in dilute salt solutions may be considered in connection with the theo- 


retical calculations of Kirkwood®^ 


Influence of Ions 



Figures 9a and 9b. O, lactoglobulin 
Asparagine; O, Glycine; <8) Glycine; Q 


Influence of Dipolar Ions 



O, Carboxyhemoglobin; Cystine; € 
Glycine. 


The calculations of Scat chard and Kirkwood®®, frona the standpoint of 
the Debye-Hiickel theory, showed that a dipolar ion with zero net charge 
should be salted in by electrolytes, and that the relative increase in solu- 
bility (negative logarithm of the activity coefficient) should be linear in the 
ionic strength. Here the dipolar ion was represented by two oppositely 
charged spheres with a rigid connection between their centers. 

In a later treatment®’, Kirkwood selected as a model for a complex 
dipolar ion a sphere in which any given number of charges could be im- 
bedded, at different distances from the center, their locations specified by 


peptid^ of glycine are more insoluble the larger the number of glycine residue in the chain. On 
the other hand, for molecules such as a ’ ‘ ' isomer of ereater 

dipole moment if. M f: 1 h; wher ■ ■ ■ .■ ■ , . < 

«fiCohn,E .). Vcr-bcl. I-. r. :..,Eds. , . ■■ ■ ■■■ ■ ■ * 

also Chapter Vlii. 

« McMeekin, T. L., Cohn, E. J., and Weare, J. H., J. Am, Chem, 8oc., 57. 626 (1936)j 58, 2173 (1936). 

, " Kirkwood, J. G., J. Chem. Physxcs, 2y 351 (1934). 
es Scatchard, G', and Kirkwood, J. G., Phyaik. K,, 33, 297 (1932). 


^^isomor of greater 
2270 (1934). Bee 
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hydroxides, unlike sodium hydroxide, there is evidence that new saturating 
bodies are formed and the conditions under the phase rule for two saturating 



AVota riaOH « 10''adde.d . 

Figure 2. The solubility of casein at 5°, 26°, and 37° in small amounts of NaOH. 
PromPertzoff, V., J-, Gen. Physiol., 10, 961 (1926-27). 


Table 4. The Equivalent Weight of Casein fbom Solubility Mbasueembnts 
AT Various Temperatures 


Investigator 
Author 


Equivalent 

ipcrature weight 

("C.) (gm.) 

6.0 1300 


Eobertson (1) 24.0 

Cohn and Hendry (2) 26.0 

Author 37.0 

Author 49.0 

Eobertson (1) . ’ 66.0 


2000 

2100 

2160 

2m 

3700 


From Pertzoff, V., J. Gen. Physiol.^ 10, 961 (1927) 

( 1908 - 09 ). 

— w . T T r n — -Di. er em /mao o 


Kcmarks 

With small amounts of 
base 

Average: 2070 


From 60'’ to 86“ the equiva- 
lent weight again re- 
mains practicaUy con- 
stant 
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spherical coordinates. This resembles more closely a globular protein 
molecule, which possesses a considerable number of charges, determined by 
the number and locations of ionized groups on acidic and basic amino acid 
residues. 

The mutual electrostatic energy of such a complex dipolar ion and electro- 
lyte ions in a dielectric medium was evaluated, and, assuming that the 
only deviation from ideality in the chemical potential arises from this 
electrostatic interaction, the activity coefficient of the complex ion was 
derived. The result is as follows^'”'' ® : 


In y 


Qa 


K y I 

2D}cf 


2DkT 1 -h Ka 

/ (2n -h l)Qn 


{2n-l){n+iy d 


2n--lX 


Kn~i(Ka) 


( 10 ) 


, Kn-i{Ka) 


Here t is the activity coefficient of the complex ion; D is the dielectric 
constant of the solvent; k the Boltzmann constant; T the absolute tempera- 
ture; <c is the Debye-Hiickel parameter [{iirNiVmODkT)2a\Cif'\ where 
N is Avogadro’s number, « the electronic charge, z< the valence of the i’th. 
ionic species, and (?,• its concentration in moles per liter. The parameter k 
is accordingly proportional to the square root of the ionic strength. Con- 
tinuing with definitions, b is the radius of the sphere, and a the mean &- 
tance of closest approach of the salt ions, f.e., 6 plus the mean ionic radius. 
The Qn’s are the double sums 

( 11 ) 


M M. 






where M is the total number of charges imbedded m the spherical implex 
ion, and Ah is the angle subtended at the center of the f 
and Vih charges, which have charges e, and respectively, and are at .te- 
tances r, and n from the center of the sphere. The are the Legendre 
functions. Specifically, Q, is the square of the ^ 

ion and 0 i is the square of the dipole moment. The succeeding QnS i 

volw the higher order multipole moments.* FinaUy , the functions K. are 

polynomials given by 

r ^ Wn - s)! _ ( 12 ) 
s ! (2n) ! {n - s ) ! 

■ . .... 1 rr -’-li.W* th(‘ e-.octrr.r.ic charRe, tiei/e *= «*)» imbedded at 

■* Whfii tJM! ri.f'.if'f.'-. uV’a-i 

»}.» .-riv., f!i,,lar:w ir >ir, ihe a-r.icr.r, cn. ' 

0^ t* r*” S 2J ) 

u dmmds only upon the geometrical telntions in the charge con- 

Here the double aum in a pure number which dependa only 

figumtiort. 
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combining weight of casein and sodium hydroxide, in excellent agreement 
with that considered above and with results of Pertzoff\ These are 
graphically represented in Fig. 2 and illustrate the contribution respec- 
tively of neutral molecules and of ions to solubility. The parallel straight 
lines, drawn through the measurements at 25° and 37° indicate a difference 
in the solubility of the neutral molecule, but not in the equivalent com- 
bining weight. The measurements at 5° suggest both a lower solubility 
for the neutral molecule and a lower combining weight. The equivalent 
combining weights estimated from solubility measurements at various 
temperatures are given in Table 4. The measurements at higher tempera- 
tures can less readily be compared with those below 40°, since changes in 
the casein molecule may well take place at the higher temperatures. 


IV. Solubility Product Constant 


At reactions sufficiently removed from the isoelectric point some of the 
terms in equation 2 might be expected to be negligible. Thus at suf- 
ficiently acid reactions the second term in each parenthesis, giving the 
concentration of protein anions, vanishes, whereas at reactions appreciably 
alkaline to the isoelectric point the first term might be expected to vanish. 
Moreover, the higher terms might be expected to be less important than 
those describing groups dissociating with constants close to the hydrogen 
ion concentration of the neutral protein. 

The tetrapole cystine may be considered a prototype for protein behavior 
in this, as in other respects. Its solubility has been studied as a function 
of pH by Sano® and is satisfactorily described by equation 2 vdth the terms 
containing the first and second dissociation constants respectively as acids 

and bases included. ^ ■ u 

The studies upon the solubility of casein in systems contaming bases 
(Table 3) were described, however, by the terms for dissociation as a 

divalent acid. 




/KaiK(h\ 

(H+)s )_ 


(3) 


The solubility measurements reported in Table 3 have been analyzed in 
terms of the 4 ) 0 ve equation and values of the product SnKayKa^ estunated 
X iP-V- c«ei. per liter .t 25-. The Bolubiiity o the mol. 
cule, iSn, was estimated to be 0.09 gram per hter, and the product of the 

dissociation constants, KaiKch, to be 24 x ' . , , mderstrem-Lang 
The solubility of casein in HCl has been studied by Linderstrpm l.ang 
Av ^Although they found the solubility of their casern prepara- 

andKodama’. upon the amount of saturating body 
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Equation 10, then, evaluates the activity coefficient, in salt solution, of a 
spherical molecule containing any given number of charges arranged in 
any given pattern. When the net charge is zero, as in an isoelectric di- 
polar ion, the term Qo vanishes; and the logarithm of the activity coefficient 
is linear in the ionic strength in very dilute salt solutions, although it 
departs from linearity at higher concentrations . 

Were the configuration of charges on the surface of an isoelectric protein 
molecule known and mapped out, it would be possible to predict the salting 
in by Kirkwood^s equation, insofar as the molecule could be regarded as 
possessing a spherical shape (and in certain cases ellipsoidal shapes; see 
Chapter 12) . Unfortunately the reverse problem is indeterminate. Given 
an experimental salting-in function, there are many different possible con- 
figurations of charges which could be responsible for it, and it is impossible 
to decide among them. 

It is therefore necessary to seek independent experimental evidence con- 
cerning the configuration of charges. Any configuration can be described 
by a series of terms giving its dipole moment, quadrupole moment, and 
so on. Experimental methods can thus far furnish only the first of these 
terms — the dipole moment, which is derived from dielectric constant meas- 
urements. The simplest possible charge configuration corresponding to 
an experimental dipole moment is a pair of charges of appropriate magni- 
tude, and opposite sign, placed at opposite poles of the spherical molecule. 
This has been the model taken for calculations of the salting in of hemo- 
globin and lactoglobulin. Of course there are many other possible con- 
figurations which could give the same dipole moment; but these could be 
identified only by their higher moments. 


Hemoglobin 


The experimental measurements by Ferry, Cohn and Newman®^ of the 
solubility of horse carboxyhemoglobin in ethanol- water mixtures containing 
sodium chloride give the salting-in functions shown in Fig, 10, curves 2 
and 3. Here -log y is multiplied by D/Do and V/2 by Do/D, where Do 
is the dielectric constant of water, and D that of the particular ethanol- 
water mixture employed (25% and 35% ethanol respectively). This pro- 
cedure serves to reduce both dielectric constants to that of water, inasmuch 
as the dielectric constant enters in Kirkwood's equation as a factor of 1/Dl 
The failure of this reduction to make curves 2 and 3 coincide is probably 
to be explained by the salting-out correction, as discussed below. 

For a theoretical calculation of the salting in of hemoglobin, the molecule 
may be considered to be a sphere. The experimental value of the dipole 
moment is 500 Debye units^®. We take two pairs of elementary charges 


M Cohn, E. X, and Newman, E., /. Biol. Chem., 114, xxxiv (1936). 

w Oncley, J. L., J. Am. Chem. Soc., 60, 1116 (1938). ^ 
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pretable on the assumption that "on the acid side of its isoelectric point 
casein also behaves as though it were divalent”® (p. 638). Solubility on 
both sides of the isoelectric point is given by an equation of the form; 


S 


= 4.(1 


{itT KzKX 
K, (H+)V. 


(4) 


Solubility measurements in acid solution (where the total protein in 
each system was 8.2 grams per liter) plotted as ordinate against the square 
of the hydrogen ion fall on a straight line (Fig. 3), and this was true also 



Figure 3. The solubility of casein at varying pH from the experiment.s of Linder- 
strjto-Lang and Kodama and of Sdrensen and SWdek. Taken from Green, A. A., 
J. Biol. Chem., 93, 517 (J931). ’ 

when the systems contained concentrations of NaCl. The comparable 
studies of Sorensen and Slddek’ on the solubility of casein in NaCl and 
NaOH (where the total protein in each system was close to 8.5 grams per 
liter) are also plotted in Fig. 3 against (!/(£[■*■)“). 

V. Solubility and the Activity Coeppicients op Peotbin Ions 

Equation 2 was developed from equation 1 on the assumption that the 
act.ivitv coefficients of nrotein ions and dinolar ions could be set eaual to 
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placed at opposite poles and imbedded to the same extent-tedimated to be 
L2 A from tijc surface a, m glKiue. This gives a distance of seplration 
of ol .G A, and the charges of +2^ and -26 at this distance produce a dipole 
moment of 495 Debye units, which corresponds closely to the experimental 
value, h oi this type of configuration the even terms in Kirkwood’s equa- 
tion 10 vanish, fcummmg the odd terms through the seventh, we obtain 
the theoretical curve 1, Pig. 10. This lies close to the experimental curves. 



Figures 10. Acf ivity noofficients of c.^Lthoxyhcmopflobin in sodinm chloride at — 5“: 
caktultif'*d fnim Kirlcw'ood’s equation on liif: :!.«suint)rion of n molecular weight of 
66,7(K) and a dipole moment of 500 X 10“^® esu.; 2, €, observed in 25% ethanol; and 3, 
ill 35% f'thiinol; -1, rnfv'L0urements in 25% ethanol; and in 35% ethanol; 
corrected by n. 'Vailing out” constant of 7.9. From Ferry, R. M., Cohn, E. J., and 
Newman, K. H., J. Am. Chem. Soc.y 60, 1480 (1938). 


Providt’d the latter are corrected for salting out, however, the agreement 
is less satisfactory. 

The salt interacts with the pfotein not only to increase solubUity in the 
manner described by equation 10, but also to decrease solubility because 
of cavities in the solvent represented by the molecules of the protein. The 
decrciise in solubility, or salting out, is given by 

(2)/i)o)logT-K,r/2 


(13) 
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where K, is calculated from another equation of Kirkwood^\ 

_ 4:7rNi D -I 
2303Z)ofcr a 2Z)+ 1 


( 14 ) 


Here only the size of the sphere is involved, and not its charge configuration. 

The figure for K, calculated from this equation for hemoglobin is 7.90. 
When values of K, r/2 are added to the experimental values of —(D/Do) 
log y in Fig. 10 the results for hemoglobin in 25% and 35% ethanol nearly 
coincide (curve 4). They are, however, far above the theoretical curve 1. 
The discrepancy may be attributed to neglect of higher moments in the 
theoretical calculations, because of the simplified charge configuration 
assumed, or to ion-ion interactions. 



Figure 11. Activity coefBcients of lactoglobulin in sodium chloride solutions at 30° 

Lactoglobulin 

The measurements of Palmer®' give for the solubility of lactoglobulin 
in dilute sodium chloride solutions at 30° the experimental curve, 2, given 
in Fig. 11 (cf. also Fig, 9), which is far steeper than for hemoglobin. 

For a theoretical calculation, the same model as for hemoglobin has been 
assumed except for the magnitude of the charges^^^. The experimental 

communication. See alao Chapter 12. 

We are indebted to M, Jean Mayer for carrying out these calculations. 
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unity. This a.ssumption is clearly not valid for any appreciable ionic 
strength, concentration of neutral molecules or of dipolar ions, change in 
temperature or in dielectric constant from that of the standard state. 
Introducing activity coefficients in the mass law expressions for the con- 
centration of the ions we have, instead of equation 2, the following: 


S == 


1 + Tn 


( (H^-) \ / (H+)^ , 

\K„yp^ (H-*-) 7 p-/ \KnKn-iyp.. ^ 



n-1 ilLn--2TP‘*'+ + 


+ 


Kr^lKn^^K 


n+3 1 




7p— 


(5) 


4- 


-f"\n 




ZniSTn-lZn-J-iClTp 


n+ 


+ 






)]) 


The form of this equation is entirely comparable to that of equation 2, 
but the ter'ms within the parentheses, giving the concentrations of proteins 
as monovalent anions and cations, divalent, trivalent and higher valent 
anions and cations, are multiplied in each case by the activity coefficient 
of the neutral molecule or dipolar ion, 7 „. The only other change from 
equation 2 is that instead of thermodynamic dissociation constants we 
have apparent dissociation constants; that is, dissociation constants mul- 
tiplied by activity coefficients which define deviation from behavior in the 
standard state, and are generally ' written as K' (see Chapters 3 and 4). 
Solubility measurements, like EMF measurements, can thus yield thermo- 
dynamic dissociation constants only by extrapolation to conditions such 
that the activity coefficients may be taken as unity. 

' The most complete study of the solubility of a protein, as a function 
of pH, ionic strength and temperature, is that of Green on the carboxy- 
hemoglobin of the horse*. The solubility of the carboxyhemoglobin was, 
within the limits of error of the measurements, independent of the amount 
of saturating Irody in the system. The hydrogen ion was very accurately 
controlled by the use of phosphate buffers of known pH and ionic strength. 
The solubility, .S’, at 26°, of the hemoglobin in water was estimated to be 
17 grams per liter, and of the neiltral molecule, S„, 11 grams per liter at 
zero ionic strength. When the extensive solubility measurements reported 
for solutions more acid than the isoelectric point were plotted against 
various powers of the hydrogen ion activity or for solutions more alkaline 
than the isoelectric point against various powers of the reciprocal of the 
hydrogen ion concentration, it was found that the measurements fell 
on straight lines if all terms other than those containing the second power 
of the hydrogen ion activity were neglected. These studies and t ose 
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dipole moment is 730 Debye units at 25°”; three pairs of charges at a dis- 
tance of 43 A give a moment of 618 D, which is the nearest approximation 
that can be made with an integral number of elementary charges. Sum- 
ming the finst, third, and fifth terms in Kirkwood’s equation 10, we obtain 
the theoretical curve, 1, Fig. 11. This is considerably higher than the 
corresponding curve for hemoglobin, because of the smaller size of the 
molecule, and the greater dipole moment. As in the case of hemoglobin, 
the theoretical curve lies close to the experimental, especially at low ionic 
strengths, tmtil the salting-out correction is applied. 

The experimental curve can now be corrected for salting out, as was 
done in the study, of hemoglobin. The value of Ks calculated from equa- 
tion 14 is 5.61. When values of K,r/2 are added to the experimental 
value.s of -log y, curve 3 is obtained. Here the salting-out correction 
makes much leas contribution than for hemoglobin, owing to the smaller 


Tabi/K 7. Neoativk Looakithms of Activity Coefficients CALCtrLATED fkom 
Kirkwood’s Kouation* for Spherical Molecules of Molecular Weight 

40,000 



1 Pair 

2 Pairs 

3 Pairs 

4 Pairs 

5 Pairs 

Strength 

r /2 

Charges 

Charges 

Charges 

Charges 

Charges 

ft ^ 206D 

H res 412P 

-log 7 : 

fi = 618D 

Calculated 

H « 824Z) 

fi « 1030D 

0,(K)1 

o.mz 

o.om 

0.0384 

0.0681 

0.107 

QM 

Or 0337 

0.136 

0.304 

0.538 

0.842 

QM 

0.103 

OAlb 

0.924 

1.64 

2.57 

i)A 

0JG3 

0.66 

1.47 

2.61 

4.08 

0.2 

0,227 

0.91 

2.06 

3.64 

5.69 


* Same as equation 10 of this chapter. 


size of the molecule. The corrected curve, 3, is somewhat higher than the 
theoretical salting in, but the difference is less than for hemoglobin. 


Influence of Dipole Moment on Salting-In 

As a general survey of the effect of dipole moment upon the salting in 
of a protein, as predicted by Kirkwood’s equation 10, calculations have 
been made”” for spherical molecules of molecular weight 40,000 and 
various dipole moments, at 25°. The configuration taken as before, was 
a pair of charges at opposite poles and imbedded at 1.2 A beW the surface^ 
Their magnitudes range from 1 to 6 electronic charges. The case of 3 
charges is, of course, that of laotoglobulin discussed above. The odd 
terms of the eciuation through the fifth were summed. The results are 

given in Table 7 and are plotted in Fig. 12. 

Th,. valu» of -log r at a givon salt aoneentratoo .ocrease mU, the 
souare of the dipole moment, for this simple charge configuration. For 
SrhighL moment taken, 1030 Debye units, the salting m is enormous, 

» Ferry, J. ». end Oacley, J. U J. Am. Ckm. SO 0 ., 43, m (1941). 
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equation 4, but containing terms for the activity coefficients both of the 
ions and the dipolar ions. 


-S = Sn 


1 + 7 


"(ifi 


(H+)" 


K2 Yp + d- 


+ 


IQK4 




7p- 


:)] 


( 6 ) 


Therefore the slope in acid solution [(^/<S„) - l]/(H+)’‘ = 7 „(l/i?:i 2 lC 27 p++), 
andin alkaline solution [(S/S„) - l](H+)“ = 7 u(if 3 ir 4 / 7 p-), whereynSn = S" , 
the solubility of the protein molecule at zero ionic strength. 

The use of this simplified expression instead of equation 5 does not 
explain, however, why the more complete expression is not necessary for 
the description of the behavior of these proteins in solutions varying in pH 


Table 5. Apparent Dissociation Constants op Garb oxyhemoglobin Estimated 
PROM Solubility Measurements in Phosphate Buffer Solutions Varying 
IN pH AND Ionic Strength* 


Ionic Strength 

0.014-0.015 

Solubility of Neutral 
Molecules estimated 
from Equilibrium^ with 
Cations Anions 

Sn 

17.9 

Dir-----^i-' 

es 

Cations 

pKi ' Kz ' 

12.68 

Anions 

pKi ' Ki ' 

Apparent Iso- 
electric Point 
pKi ' Ki ' -f* pKs ^ Ki ' 
4 

0.026-0.031 

0.039-0.065 

19.8 

21.7 

21,4 

12.64 
12.69 ^ 

14.25 

6.74 . 

0.082-0.103 


24,3 


13.96 


0.160 

0.314-0.332 

29.6 

36.3 

35.9 

12.33 

12.24 

14.10 

6.59 

0.645 

1.49 

1.56 

44.5 

20.3 

18.2 

11.95 

12.10 

14,07 


2.34 -3.65 



12,20 

13.96 

6.54 


* Green, A, A., J. Biol. Chem., 93, 517 (1931). 


and ionic strength. The graphical representation of the hemoglobin solu- 
bility measurements in Fig. 4 may be compared with those upon casein in 
Fig, 3. Since the ordinates in Fig. 4 are taken as S/Snj the slopes of the 
straight lines at the right of the figure yield the ratio of the activity coef- 
ficient of the neutral molectile to that of the protein anion multiplied by 
the dissociation constants of the latter, whereas those on the left yield 
the ratio of the activity coefficients of the neutral molecule to the product 
of the protein cation and its dissociation constants. Analyzed in these 
terms these results yield the constants in the following table (Table 5). 

Equation 4 thus appears applicable to casein and hemoglobin in the 
presence of salt, provided the values of Sn and K are not regarded as con- 
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representing nearly a ten-fold increase in solubility at an ionic strength of 
0.01. It will be of interest to compare these figures with experimental 
measurements on various proteins of molecular weight in the neighborhood 
of 40,000, including egg albumin, zein, and insulin, as well as lactoglobulin, 
when both solubility and dipole moment data are available. 



% 


Figure 12. Influence* of dipole moment on activity coefficient 

Influence of Protein Ions on Salting-In 

The obseryed values. of -log y must represent not only interactions 
between salt ions and protein dipoles, but between salt ions and protein 
ions that are in equilibrium with the isoelectric protein. The number of 
such ions, and their valence, will increase, as we have seen, with distance 
from the isoelectric point, and with steepness of the titration curve. The 
nature of such interactions has been considered by Linderstrpm-Lang^^ 
They cannot, of course, be neglected in interpreting the electrostatic forces 
between salts and proteins in the neighborhood of protein isoelectric points* 

« Linderatr0m-Laiig, K.; see Chapter 20, pp. 462, 468-77 
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hemoglobin that Sn at first increases on addition of salt, then passes 
through a maximum and, in concentrated solutions, decreases because of 
the salting-out effect. This corresponds to the characteristic solubility 
curve for a globulin in solutions of varying ionic strength. The coefficients 
K 1 K 2 and K 3 K 4 increase on addition of salt, slightly in hemoglobin solu- 
tions, very markedly in casein solutions. This increase of the constants 
■mth salt concentrations has a twofold consequence: (a) the value of the 
hydrogen ion activity for minimum solubility is given, for systems in which 
equations 4 and 6 hold, by the relation: 

(H^)^ « K[K2KzK[ {7y 


Since all of the '^s increase with increasing ionic strength, the activity 
of the hydrogen ion, at minimum solubility must increase also; or the 

pH of minimum solubility decreases. This effect is comparatively slight 
for hemoglobin; but for casein, Green has calculated from the data of 
S 0 rensen and of Linderstr 0 m-Lang that the pH of minimum solubility 
shifts from 4.8 in the absence of salt to 4.06 at ionic strength O.lf. (b) 
Solubility, at constant pH, on the alkaline side of the isoelectric point is 
markedly increased by salt at low or moderate salt concentrations (since 
both 7 n and 7 ?-- in equation 6 decrease with ionic strength). This effect 
is found in both casein and hemoglobin. On the acid side of the isoelectric 
point, 7 n decreases, 7 p++ increases, with increasing ionic strength. The 
former tends to increase the solubility, S, the latter to decrease it. In 
hemoglobin, at constant pH, on the acid side of the isoelectric point, 
the resultant effect is a very slight increase in solubility with increase in 
salt concentration, followed by salting out which begins at a relatively 
low salt concentration. In casein the increase of 7 p++ is very rapid, and 
the casein cation is salted out very rapidly even by the smallest concen- 
trations of salt, in contrast to the anion which is readily dissolved by salt 
under the same conditions. 


Phenomena of this type have been clearly perceived by earlier observers 
of other proteins. Thus Osborne^^ wrote that ^'edestin dissolved in the 
least possible quantity of hydrochloric acid necessary for its solution is 
precipitated by traces of most mineral salts, but a slight excess of acid 
requires the addition of more salt for precipitation: The precipitation of 

* At the point where S is a minimum, must be zero, and from equation 6; 




/• 2(H+) iK,' K4‘\ . 

(H+)>V 


( 8 ) 


from which equation 7 follows. It is clear from the nature of equation (6) that equation 
for a minimum and not for a maximum. 

t Whether the isoelectric < 

considered in the next chapt- i ,■■■*; i,- , ■ ‘ii ■ i • ■ 


8 gives the conditions 


is a problem 
‘.8 been drawn 

■ I ■ < m.T flnir nnH 
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Ion-dipole interaction cannot be considered constant over any appre- 
ciable pH range, for the ionization of different residue groups of the protein 
on either side of the isoelectric point can result either in increase or de- 
crease in the dipole naoment of the protein. Such changes in the dipole 
moment of the protein should also be reflected in dielectric constant meas- 
urements and such measurements for egg albumin’^ and 7 -pseudoglobulin’® 
have been reported. Only the simultaneous measure of the activity coeffi- 
cient of the protein, its combination with acids and .bases and the resulting 
change in dielectric constant can permit the estimation of the role of ion-ion 
and ion-dipole forces in determining the solubility and other relations of 
proteins and salts. 

IX. Solubilities in Solutions Containing More than One 

Dipolar Ion 

Not only ions but other dipolar ions affect the solubility of proteins. 
The influence of other amino acids on the solubility of cystine is discussed 
in Chapter 11. Amino acids also influence the solubility of proteins and 
this effect is illustrated, for the few cases that have thus far been investi- 
gated^ in Fig. 9 and compared with the effects of salts on the same proteins. 


Hemoglobin 

A beautiful study of the influence of glycine on the solubility of hemo- 
globin has been reported by M. M. Richards'®. The logarithms of the 
solubility ratios of hemoglobin reported by this investigator are plotted 
in Fig. 9 b against the glycine concentrations as abscissa, without correcting 
for the influence of the hemoglobin upon the dielectric constant of the 
solution. The solubility of hemoglobin in the absence of glycine in these 
experiments varied from 13.9 to 17.8 gm per 1000 grams of water, and was 
60 gm per 1000 grams of water in 1.6 raolal glycine. Since the dielectric 
increment’” per gram of hemoglobin may be taken as 0.33, the dielectnc 
constants of the saturated solutions were appreciably influenced by the 
protein as well as by the glycine. This effect had previously been con- 
sidered with respect to the studies of Green on the interaction of hemo- 
globin with sodium chloride in aqueous solution”. Correctng for it would 
yield still greater estimates of activity coefficients due to Coulomb forces. 

The curves relating -log y and glycine concentration are very sinai ar 
for the dipolar ions glycine and asparagine, for the tetrapolar ion cystine, 
and for the multipolar protein hemoglobin^ In these create 

the interaction the greater the moments of the molecute. Thu 
moment of glycine and asparagine may be taken as 15, that of cystine 




“.ffasjurements. 
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that he studied ''seemed to vary with the buffer used'^ It thus becomes 
necessary to differentiate between the influence of neutral salts on the 
flocculation of edestin and on the insoluble compounds that this, and 
presumably* other globulins, form with acids. It would seem as though 
Osborne^s analytical procedure was less equivocal than the methods that 
have occasionally been applied to globulins without adequate consideration 
of their special chemical characteristics. 

Edestin is possessed of but a small number of acid and basic groups that 
dissociate in the neighborhood of its isoelectric point. Osborne’s measure- 
ments, interpreted on the basis of a molecular weight of 336,000, indicate 
that edestin contains 24 groups which can combine base in the neighbor- 
hood of the isoelectric point to form a soluble compound, and 24 which 
combine with acid to form the insoluble compound referred to above. A 
combination of acid with 24 other groups transforms the insoluble into 
a soluble hydrochloride^^. In all, therefore, 72 groups dissociate from 
pH 4.5 to 8.5. 

Not only globulins but also albumins form insoluble salts with anions. 
Thus serum albumin is isoelectric near pH 4.8. It has generally been 
crystallized near this reaction from concentrated salt solutions; minimum 
solubility shifting somewhat to more acid reactions, the greater the ionic 
strength. Recently the observation was made by J. D. Ferry that 
a fraction of serum albumin can also be crystallized from salt-free solutions 
near pH 4 as a somewhat insoluble sulfate— -more soluble, however, at 
higher than at lower temperatures — ^and this phenomenon has been em- 
ployed in the further fractionation and purification of the crystalline serum 
albumins^^. 

Specific interactions between protein cations and other anions, especially 
complex anions, have, of course, always been recognized and many of these 
lead to the formation of new saturating bodies. Many analytical and 
industrial processes, among them the combination of proteins with tan- 
nates, picrates, picrolonates and phosphotungstates, depend upon the 
formation of such insoluble protein salts. Combination of proteins with 
such anions often leads to changes in the proteins, however, which are 
not readily reversible. 

A great many proteins are insoluble over a very wide pH range through- 
out which they combine with acids and bases to form a series of insoluble 
salts. The interpretation of the behavior of such protein solid phases 
demands a knowledge not only of the neutral molecule, but of the stoichio- 
metric and electrochemical valences of the several insoluble compounds. 


-It-- 
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27 j and that of hemoglobin as 500 Debye units. These interactions, are, 
as a first approximation, proportional to the first power of the moment, 
whereas theoretical considerations have suggested^®’ that they should be 
proportional to a higher power and diminish with increase in volume of 
the molecule on the basis of models which, it is true, cannot be expected 
satisfactorily to reproduce all the characteristics of dipolar ions. 



Figure 13. Activity coefficient in 
solutions of dipolar ions. The straight 
line drawn for each substance rep- 
resents the equation: — (log y)/C » 
K%iDo/D) - KS, 

O, Hemoglobin; 

® , Cystine; 

©, Glycine; 

0, Glycine; 

Glycine; 

©, Alanine; 

a-Aminobutyric acid 

■ From Cohn, E. J, JVTcMeekin, T, L., 
Ferry, J. D., and Blanchard, M. H. 
J. Physical Chem, 43, 182 (1939) 


0.9 0.7 0.5 

Do/D 

The interactions between glycine and other amino acids and peptides, 
whose structures are, to be sure, far better known than are those of the 
proteins, p,re considered in Chapter 10. Table 9 of that chapter also in- 
cludes constants for the interaction of glycine and hemoglobin. 


Fuo98, R. M., j. Am. Chem. Soc., 982 (1938). 

» Kirkwood, J. G., Chem. Ren., 1% 276 (1936). See Chapter 12. 
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Lactoglobulin 

The influence of glycine upon the solubility of lactoglobulin®® has been 
determined at 5^" and 25°. At a concentration of O.Silf glycine, the solu- 
bilities of lactoglobulin at these temperatures are 6.8 and 9.1 g per liter, 
respectively, in water. The limiting slopes of' -log y/C at the two tem- 
peratures are 4.4 and 3.7, or about four times the value for hemoglobin 
in glycine at 25°. 

These figures may be compared with the theoretical values for the 
limiting slope, Kn -- Kt, calculated for the interaction of lactoglobulin 
with glycine following the treatment of Fuoss, as described in Chapter 11. 
This yields, at 5°, Kt = 2.26, K* = 0.48, - K* = 1.78; and, at 25“, 

Kt = 2.06, Kt - 0.44, Kt - Kt - 1.62. As in the case of hemoglobin, 
the calculated values are too small, although of the correct order of magni- 
tude. , 

The similarity in the action of sodium chloride and of glycine is evident, 
both in the interactions of dipolar ions and of ions and dipolar ions; and 
—log y would appear to increase by something less than the first power of 
the dipole moment. From measurements in Fig. 13 it might-be deduced 
that the order in which ions and other dipolar ions increase the solubility 
of a protein is the same, but this cannot yet be considered a general rule, 
for certain proteins, readily dissolved by neutral salts, are not appreciably 
dissolved by amino acids such as glycine. 


X. Inteeactions in Peotein Solutions Calculated fbom 
Electeomotivb Fokce and Osmotic Mbasukements* 

The interaction of a soluble protein with an electrolyte may be deter- 
mined from the electromotive force of a cell in which the electrolyte is 
transferred from a solution in which its conce^itration is m and the protem 
concentration is zero, to a solution in which its concentration is std^^ma 
and the protem concentration is m. The electromotive orce of such a 
Si is proportional to log y./yl, the logarithm of the ratio of the inean 
activity coefficient of the ions in the solution containmg to that 

in the protem free solution. Joseph*” has studied such a cell for me 
chloride in isoionic gelatin and expresses his results as 

(15) 


log WtS = 


which, transformed by means of equation 16, Chapter 11 (p. 260), yields. 

- log ys/ys = 2v(o - 
with a = 10.5, h = 5.3, and c = 880. 
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most seed proteins by acids depends largely on the presence of mineral salts 
in their solutions/^ (p, 58) Similarly Hardy^^ showed cleajrly that the addi- 
tion of salt to serum globulin shifts the point of minimum solubility to a 
more acid range, the magnitude of the shift depending on the salt employed, 
as Avell as on its concentration. In summarizing the combined effects 
of salts, acids and alkalies on serum globulin, he concluded, ^'One feature 
of fundamental importance, which is never obscured ... is the antagonism 
between the solvent actions of salts and acids, and the additive nature of 
the combined solvent action of salts and alkali.”^^‘ This statement 
exactly characterized the behavior of many other proteins in acids and 
alkaline salt solutions. Thus myosin^^, in solutions alkaline to pH 6.0, 
is dissolved by both salts and alkalies, the solvent actions of the two tending 
to reinforce each other; from about pH 4.7 to 6.0, myosin is virtually 
insoluble at any salt concentration; at reactions acid to pH 4.6 it forms a 
clear solution, which, however, is precipitated by even small additions 
of neutral salts. 

Thus the '^antagonism between the solvent action of salts and acids’^ 
on proteins, long ago pointed out by Osborne and by Hardy, appears to be a 
wide-spread phenomenon, found in proteins in very various types. It 
may be due to the formation of insoluble acid salts of these proteins, as 
Osborne suggested for the vegetable globulins; but this interpretation 
cannot be regarded as established until the chemical composition of the 
precipitated protein phase in such systems has been accurately determined. 
When a new saturating body of protein combined with ions is present, the 
number of components is greater and equations more complex than those 
thus far developed must be employed to describe the phenomena. 


VI. Solubility in Systeivis Containing Insoluble Protein Salts 


Proteins do in fact form insoluble salts both with anions and cations. 
The vegetable globulin, edestin, as Osborne demonstrated in 1902^^^, is 
not only relatively insoluble itself, but forms a relatively insoluble hydro- 
chloride. This is unquestionably one of the causes of the wide precipitation 
zone of this protein. Rona and Michaelis^® estimated from the maximum 
precipitation of edestin in a series of phosphate buffers, that its isoelectric 
point corresponded to a hydrogen ion concentration of 1.3 X 10“\ 
Later Michaelis and Mendelssohn^® using acetate buffers in which to study 
the optimum flocculation pf edestin believed that the isoelectric point 
coincided with a hydrogen ion concentration of 2.5 x i0~®, Hitchcock^’ 
noted that the point of maximum precipitation of the pr('paratioxi;otr^^^ 


w Hardy, W. B., J. Physiol, 33, 251 (1905). 

, m r fto OftQ 




Also unpublished observatic^ 
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He has also made measurements with other isoionic proteins and other 
electrolytes which he expresses with a simplified equation in which b and 
c are taken as zero. , The values of a thus obtained are given in Table 8. 
For the interaction with calcium chloride — the only salt studied with all 
the proteins investigated — a increases in the order: serum albumin, car- 
boxyhemoglobin, gelatin, pseudoglobulin. The molal dielectric incre- 
ments of these proteins increase in the same order. 

The only EMF data directly comparable with the available solubility 
measurements are those on carboxyhemoglobin in sodium chloride. Here 
the two methods give results of the same order of magnitude. Those 
obtained by the electromotive force method “are, however, based on EMF 
of about one millivolt, and are not of great significance. . . . The results 
for the other proteins are more significant, since for all of them potentials 
of at least 3 or 4 millivolts could be obtained’^®^'P*'^‘^®. 

Table 8. Inteeagtions of Proteins and Salts from Electromotive Force 

Measurements 




Protein 

Carboxy- Serum 

Pseudo- 


Gelatin 

hemoglobin Albumin 

globulin 

Molecular weight 

61,500 

67,000 70,000 

159,000 

Electrolyte 

a [Equation 15] 

ZnClj. 

CaCl2 

MgCl, 

NaCl 

8.5 

5.3 

2.5 2.0 

9.8 

5.6 

1.1 

6.6 


The interaction may also be determined by the effect of the protein on 
the distribution of the electrolyte across a semipermeable membrane, as 
discussed in Chapter 17. This method could also be extended to non- 
electrolytes but no measurements are now available. From Northrop 
and Kunitz’s measurements®^ of the effect of isoionic gelatin on the distri- 
bution of certain electrolytes, Joseph®^ has calculated a and h with equation 
15 simplified by taking c equal to zero. His results are given in Table 9. 
The results of Scatchard, Batchelder and Brown®® for the membrane 
equilibrium of sodium chloride with serum albumin over a wide range of 
pH are discussed in Chapter 17, By the simplified equation 16 with b 
and c zero, they yield about two for a for albumin with valence from 
+10 to —25, but this value is tripled for valence +27. 

Protein-electrolyte interaction may also be calculated from the effect 
of electrolytes on the osmotic pressure of the proteins. Northrop and 
Kunitz®^ have measured the effects of a number of salts on the osmotic 
pressure of 10% isoionic gelatin solutions. Aids, NaCNS, and perhaps 

8* Joseph, N. R., J". Biol Chem., 126, 389 (1938). 

« Northrop, J. H., and ICunit 2 ,M., J. Gen. Physiol., 11, 481 (1927). 

Sej^ Batchelder, A. C., and Brown, A., Buffalo Meeting of the American Chenaical Society, 

w Northrop, J . H., and Kunitz, M,, J. Gen. Physiol., 8, 317 (1926). 
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Li2S04 show specific effects in dilute solutions. The pressures with other 
salts show an initial increase proportional to the square root of the ionic 
strength, pass through a maximum and then decrease almost linearly in 
the ionic strength. The initial increase has the same proportionality 
factor for all the salts, but the decrease shows a typical Hofmeister series: 
MgCh, CaCh, liCl, Nal, NaBr, NaNOa, NaClOs, NaCl, KCl, Na acetate. 

The interpretation of these results cannot be simple. Even at the iso- 
ionic point the proteins exist partly as ions, so there should be a term in 
the square root of the ionic strength which explains about half the effect 
of the alkali and alkaline earth salts on osmotic pressure of gelatin, and 
about half their interactions with carboxyhemoglobin and serum albumin. 
The theoretical value for the logarithm of the activity of a dipolar ion, 
calculated from equation 10, plotted against the square root of the ionic 
strength has a zero initial slope, but has an inflection so that it is nearly 
linear pver most of the experimental range * Perhaps that part of the 
effect which def)ends upon the ionic strength may be attributed to the 


Tabi^b 9. Intbeactiok of Isoionxc Gelatin and Salts fbom Membrane 

Equilibria 

Electrolyte ® ^ 

r/ . 10.7 5.3 

37.5 50 

24.2 6.2 



electrostatic effects considered in equation 10. The remainder should 
probably be attributed to the specific short range effects which we call 
chemical. The chemical effects are very important for the heavy metals 
listed in Table 9. little more can be said from the limited results now 

^^Th?mea8urements of osmotic pressure can also give theprotem-protem 
interaction, as indicated in Chapter 17. The fact that for theproteins 
Sb far investigated, the osmotic pressure-concentration ratio always 
,hom that those Wonic proteins 
coefficients, though the increase is sometimes very small. I* 
affected greatly by the addition of a salt or a non-electrolyte. The osmotic 
anectea grea gelatin is about twice the value at 

pressuro-eoncen ration „„i.a„i,aJent salts are 

Ziurto the vie .“^0 eoreentration, so the eileetot gelatin 

about four times tne v^iuo ^ other hand the effect for isoiomc 

on its own log y is about tnpled. On , . .. The derivative 

serum albumin is little influenced by the addition of salt, the 

. Ihe .icn 0.- 

rtiuy l»f" filUJfi a (.oni»icl 

hall Of by the hanKrituir efiuHtmn. 
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d In y^ldm^ is about —2000 when the valence is 27, has a maximum of -900 
when the valence is about —5 and falls to —250 for a valence of —25, 
There are not yet sufficient results to warrant an attempt at explanation. 

Hitherto most of the data concerning interactions between proteins, 
salts and non~electrolyi;es have been derived from solubility measurements. 
The electromotive force and osmotic methods discussed in this section have 
been employed by very few investigators; largely perhaps because the 
measured effects are small, and great precision in the measurements is 
required if significant results are to be obtained. In future these methods 
will probably be far more widely used. This is true partly because they 
furnish a valuable independent estimate of the activity coefficients de- 
duced from solubility measurements. They have, moreover, the great 
advantage of permitting independent variation of the salt and the protein 
concentration in the sys^tem. Measurements may be carried out, in a 
given solvent, at any desired protein concentration up to saturation. It 
is thus possible to study certain most important interactions, namely, 
those between proteins, which are far more difficult to study by solubility 
measurements. A few examples of protein-protein interaction have been 
revealed by the experiments discussed above; further studies in this field, 
utilizing all the experimental techniques available, should lead to definite 
and comprehensive knowledge of the interaction of protein molecules 
with other ions and dipoles, and with each other. Such knowledge forms 
an essential foundation for a deeper understanding of physiological systems. 



Chapter 25 

The Theory of Electrophoretic Migration 

By Hans Mueller 


1 he bchayioi of the electrically charged micelles of colloids and proteins 
in an electiic* field is similar to that of the ions in an electrolyte. De- 
pending on the sign of their charge, they migrate toward either the cathode 
or the anode. Since in solutions which contain a number of different col- 
loidal components the various types of particles usually travel with different 
speeds, the electrophoretic migration offers a method for the separation of 
these components, l?he c|uantitative analysis of proteins by means of this 
method, as developed by Tiselius^ TheorelP, Longsworth* has become of 
great practical significance, but the theory of the phenomenon has not yet 
found a completely satisfactory formulation. Measurements of the migra- 
tion speed have .shown that it varies with the pH and the activity of the 
electrolyte, and in some cases also with the size and shape of the particW-’’ 
The attcmpte to account for these variations are carried out in two suc- 
ceasive step.s. The first step consists in establishing a correlation between 
the migration speed and the electrical properties of the micelle, i.e., its 
.charge or potential. The second step deals with the dependence of these 
quantities on the pH and the activity of the solution and the size of the 
particle. The latter problem having been discussed in Chapter 20 we can 
here limit our consideration to the theory of the migration speed. 

A uniform electric field of intensity, E, exerts on an electrically charged 
particle a force F » QE. On the basis of this elementary law it should, 
therefore, be possible to determine the charge Q of a colloidal particle from 
measurements of the force F in an electric field of given intensity. This 
indeed is the method used by Millikan in his famous oil-drop experiment 


* Tii-.i-liuL, A , Diftgertatkin, t/psala (1030); Nova Ada Reg, Soc, Sci., UpsaJa, (TV) 7, 4 (1930); Trans. Far. 
r>'M (VXih 

-rUr<>iiA\,U.Jiiorhr.m.Z (mi). ^ 

2 l/ujK'tWMtlh, L Am r;irm,.S'fic., 61 . 529 (1039); Lonff8WOi‘th,L.G.,aiidMacInne8,D.A.,CAfim./2«). 

24, 27 1 1 lO-Jln : J . d m. .SV/C . fii, 705 (1940). 

^ Tirion, If., unfl T-iikIm', S. K.. J. Chrm. .S'-r , 71. 'l.'S 

H.'irdy, \V. H., J Phyy-iol , 24, I.')'"., .U, 1'). .'.I’it' 
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for the determination of the electronic charge. The force F is measured 
by balancing it with a second force, F\ so that the resulting force, F - F', 
vanishes. According to Newton’s first law the particle will then either 
stay at rest or move with a constant velocity. 

The electrokinetic investigations, in common with Millikan’s experi- 
ment, employ as balancing force the friction which is exerted on a moving 
particle by the surrounding viscous medium. If this medium is a perfect 
insulator, containing a negligible amount of free ions, and if the particle 
is spherical of radius a, the friction force is given by Stokes’ law as 

F' ^ QwrjVa ( 1 ) ' 

where V is the migration velocity and ri is the coefficient of viscosity of the 
medium. If the above conditions are met, as they are in the oil-drop 
experiment, the balancing condition F = F' furnishes for the mobility u 

U^V/E ^ e/67r7;a (2) 

Inasmuch as the radius, a, of small particles is seldom accurately known, 
it is convenient to eliminate it from the equation by introducing the 
electric potential. The potential of a spherical particle in an insulating 
medium with the dielectric constant D is 

h-Q/Da (3) 

Hence equation 2 may be written 

U « (4) 

This simple relation between the mobility and the electric potential of 

spherical particles in an insulating medium involves only the dielectric 
constant and the viscosity of the medium. 

Relations analogous to equation 4 can readily be given for particles of 
other shapes. For instance, for rod-shaped micelles of length 2a with 
circular cross-section of radius 6 « a the viscous resistance for migration 
in direction along the rod is 

F' = AirriVa/lxi (2a/6) 
while for crosswise migration 

F' « STD/Fa/ln (2a/6) 

For these particles the relation between charge and potential is 

Jto = ^ In {2a/h) 

whence u = \PqD/ 47rri for lengthwise, and u « ypoD/Swrj for crosswise migra- 
tion of rod-shaped particles. For particles of arbitrary shape the migra- 
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tion sp6Gcl in mi insulating msdium is &lw£tys givsn by an squation of tbe 
form 

u = ^JO/Cti 

The value of the numerical factor C varies with the shape of the micelle 
and also with the orientation of the particle relative to the direction of 
migration. 

Inasmuch as the micelles of colloids and proteins are surrounded by an 
electrolytically conductive medium, the essential requirements for the 
applicability of Stokes’ law and hence also of equation 4 are not satisfied 
for the migration of these particles As was pointed out in Chapter 3, 
'the electrostatic forces between the charge of the particle and the ions of 
I the electrolyte give rise to the formation of a diffuse electric double layer 
j around the micelle. The presence of this ionic atmosphere alters the above 
considerations in two respects. First, it lowers the value of the potential 
from Q/Da to 

(30 


where the reduction depends on the constitution of the double layer. 
If \f/„ is sufficiently small, can be calculated from Debye-Hiickel’s theory. 
This theory gives * Q/Da{l + ko), whence \j/' = Qk/jD(1 + ko). 

The second change arises from the fact that the applied field, E, acts 
also upon the ions of the double layer. The forces which the field exerts 
on the ions are transmitted to the liquid and alter its flow. Since the 
charge of the ion cloud has the opposite sign to the charge of the particle, 
the electrically induced additional flow is in the direction opposite to the 
motion of the particle. Consequently the friction force is increased and 
Stokes’ law for spherical particles must be replaced by an equation of 
the form 

F' - + qE (1') 


The additional "electrophoretic” force F, = qE will be proportional to the 
field intensity E, and the factor q depends on the constitution of the double 
layer. By introducing V and 3’ into the balancing condition QE — F , 
one finds now 


U 


6107 


+ u' 


(40 


where 

u' = (^'B - q/a)/^'^v 

Due to the increased friction, spherical particles of equal charge a,nd radius 
will migrate more slowly in a conductive solution than m an msulatmg 
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medium of the same viscosity. However, the above equations are not 
sufficient to predict how the mobility of particles with the same potential, 
^0, will differ in the two kinds of media. Since and q have the same sign, 
both being positive for positively charged particles, it is impossible to 
decide, without further calculations, whether the mobility is positive, 
negative or zero. Inasmuch as the migration in an insulating medium 
represents the limiting case of electrophoretic migration in an electrolyte 
of infinitely small concentration, it is obvious that tends asymptotically 
toward zero with diminishing electrolyte concentration. Equation 4 there- 
fore is valid in the limiting case of particles with a double layer whose 
thickness is much larger than the radius a of the particle. Hence it is 
applicable to the electrophoretic migration of ions and very small particles, 
provided the so-called relaxation effect of the ionic atmosphere is negligible. 
This Conclusion is in accordance with Debye-Huckehs theory for the mo- 
bility of ions. 

In most colloids and proteins the thickness of the double layer is smaller 
than, or of the same order of magnitude as, the radius of the particles. 
In these cases the correction terms and Fe are of the same order of 
magnitude as Q/Da and respectively, and there is therefore no 

reason to expect that u' vanishes. To find the mobility equation for larger 
J particles and to decide the range of applicability of equation 4 it i& neces- 
sary to study the hydrodynamics of the electrophoretic flow. 

The Electrophoretic Flow Parallel to Plane Surfaces 

Since electrophoretic migration proceeds with small velocities, it is gov- 
erned by the laws of the hydrodynamics of laminar flow in viscous liquids. 
The simplest example of this kind of flow is that of a liquid between two 
large parallel plates, one being at rest, while the other is translated with a 
constant velocity F. The theory assumes that at the surfaces of the 
plates the liquid adheres to the surface and moves with the same velocity 
as the plates. If z designates the direction normal to the plates and x 
points in the direction of F, the velocity of the liquid at the distance z 
from the stationary plate is 


Vz{z) » Vz/L (6) 

where L is the distance between the two plates. The fundamental law 
of viscosity states that this flow exerts on a unit area of the plates a fric- 
tion force ^ 

dF/dA a= —riV/L » —rjdvx/dz 

where 17 is the coefficient of viscosity of the liquid. 

f 


( 7 ) 
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Let UH now consider the flow created by the motion of a We thin nW 
flake movmK nudway between two parallel stationary plates 4h“s™a 
ration 2L I he flake is assumed to be of infinite area, 4, and infinS 
thin so that edge effects are negligible. The flake cawies a cha^e 0 
which IS umfonnly dWibu ted over its surface, giving rise to a SrS 
density on the surface of ^ ^ Qf A. The motion is produced bv a 
field. X, paralleUo the surface. The fixed plates shall be at poLtial zera 
If the iKpud IS an insu ator with a dielectric constant D, the flake and 
the p ate.s form a parallel plate condenser and the flake is at a potential 
; 4 W.//L I iui flow on both sides of the flake is given by equation 6 
and th(, Iriction force is, according to 7, F' = ^AV/L. This force balances 

the electric forcr; QE = A^l, whence F = 

If the liejuid i.s an electrolyte the potential gradient between flake and 
plates in not uniform, as it is in the insulating liquid. Whatever the consti- 
tution of the double layer may be, provided only that its thickness be small 
in comparison to the plate separation L, the potential will decrease very 
rapidly from it.H value h at the surface of the particle to zero in the solu- 
tion outside the double layer and at the plates. The unequal distribution 
of the fiositive and negative ions within the double layer gives rise to a 
space charg(> of density p. This charge density is related to the potential 
variation according to Poisson’s equation of electrostatics 

^ 't 


—iirp/D 


( 8 ) 


At the Kurface of the flake it follows from Gauss' theorem 


or « (d\l'/dz)o (9) 

when* (#/dz)« the potential gradient at the surface. 

To arrive at the equation for the electrophoretic flow around the flake, 
we corwider a small volume element dr - dz-dy-dx of the liquid at an 
arbitrary distaiuu*, z, from the flake. If y*(z) denotes the unknown ve- 
locity of the liquid, we find from equation 7 that the flow exerts on this 
element a frietion force 

dFl ^ [•-•n(dv:,/dz)t + ‘riidVx/dz),+dt]dz-dy = rfi\/didT (10) 

because ■■~y(dvx/dz)^x-dy is the friction force on the lower surface at z 
and n(dvt/dz)t^^i4z’dy •» i}[{dvx/dz), + d\i/di-dz^z-dy is the force on 
the upper surfaire of area dx-dy . . 

In addition to the friction force dFl, an electric force dF’J is acting on 
the liquid in the element dr, because it contains a small amount of charge 
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dQ = pdr which is under the influence of the applied field X. The force 
dQ'X on the ions is transmitted to the liquid, whence, according to 8, 

dFf -^d^^/di-dr ( 11 ) 

47r 

Since the flow is stationary, the element dr moves with constant velocity. 
Hence the total force dFl + dFf must be zero, and this condition leads, 
according to 10 and 11, to the differential equation for Vx 

d^Vx/di = ^ d^^lz/dz^ ( 12 ) 

47r77 

which has the solution 

Vx az 0 

47r7/ 

The values of the integration constants are a » 6 = 0 because the boundary 
conditions at the plates, where ^ 0, require Vx{±.L) == 0. From the 

boundary condition at the surface of the flake, where ^ Vx « F, it 
follows that 

' 05 ) 

The friction force exerted on the flake is, according to 7 and 9 

F' = -Ait{dvx/dz\ = {d4>/dz\ - A<tX 

i.e,, it is of the same magnitude as the electric force QX on the charge of 
the flake. Hence the flake moves with the constant velocity F given by 
equation 13. 

Although the electrophoretic mobility equation 13 for th'e flake is iden- 
tical with that for its mobility in an insulating liquid, it should be noted 
that the flow of the liquid is entirely different in the two cases. In the 
insulating liquid the flow extends over the whole voluiUe and depends on 
the plate distance L. In the electrophoresis the flow is confined to the 
narrow range of the double layer; outside this range the liquid stays at 
rest and the plate distance does not affect the flow if it is much larger than 
the thickness of the double layer. It is therefore natural to expect that 
in general, for other forms of the particle, the mobility equations are 
different for the migration in insulating liquids and for electrophoretic 
migration. 

Equation 13 was first given by Smoluchowski and is frequently referred 
to as Smoluchowski ^s mobility equation, A generalization of the above 
derivation shows that it is applicable to all cases where the flow of the 
liquid proceeds along straight lines. It holds therefore also for the migra- 
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tion of long rod-Hhapcd particles if they are moving lengthwise and for 
the cleetroasinosiH in straight capillaries. The equation is independent of 
the structure of the double: layer. While SmoluchowsM assumes that his 
equation was applicable to particles of all shapes and was not affected by 
the orientation and .size of the micelles, the more recent developments of 
the theory indicate that this is true only with the reservation that the 
thickness of the double layer is small as compared to the linear dimensions 
of the particle. 

The differential eriuation 12 for parallel flow must be supplemented by 
an additional term if the flow creates pressure differences in the liquid. 
The influence of pre.sHure may be discussed for the electroosmosis in a 
flat, clo.sed cell of the typo commonly used in the microscopic method of 
electrophoretic inve.stiKation . If the distance between the windows of such 
a coll is .small in comparison to its length and width, the electroSsmotic 
flow is practically identical w'ith that between two parallel plates. If the 
cell were open on both ends the liquid would flow everywhere in the same 
direction. In a clo,sed cell, however, the unidirectional flow creates a 
pre8.sure differenct: between the ends of the cell, and, since the liquid is 
{ncomprf;.SKibk!, a counterflow through the middle of the cell is set up. 

If the plate* distance between the windows is again 2L in the z direction, 
the origin cho.sen in the midpoint, and if the field X and the flow velocity 
are oriented along the z axis, the pressure p will be a function of x only. 
The prc.s.sur(; gradient gives rise to an additional force dff acting on a 
volume fdernent, dr, of the liquid, namely 

dFi = [p(a:) ~ pix + dx)] dy-dz = -^dr (14) 

The conrlition hir .stationary flow is now dFl + dF^ + dF^ = 0 and leads, 
according to 10, 11 and 14, to the differential equation 

(15) 

^ dz^ dx 4 :t dz^ 

Bince e* and ^ are independent of x, partial differentiation with respect to a: 
gives « 0, whence p » po + ct, dp/dx = c. The solution of 16 is, ^ 

therefore, 

I)Xi> ^cz\,.y 

w *-^**/* + ^ + W + KO 

27} 

To evahiate the integration constants we note that the electroosmotic 
flow is the reiiuit of a potential difference <Ao between the cell walls and t e 
liquid* tor z « » 0, ^ and, therefore, I ^ an 

5sa q. Vo 

2rj 


( 16 ) 
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A second relation between c and Fo follows from the requirement that the 
total amount of liquid flowing through a cross-section of the cell must be 
zero. This condition yields 

= ^ f%dz + ^ + 2VoL ^0 

J—L J—L 07} 

In all practical cases ''the thickness of the double layers along the upper 
and lower window is so small that the transport of liquid in the double 
layer, represented by the first term, is negligible. The above equation 
gives therefore 

Fo = 

where Fo is the flow velocity in the middle of the cell. From 16 one finds 
now for the pressure gradient 

c = dp/dx = —ZDX^a/AwL^ 


and the velocity distribution is 

Throughout the cell, except near the walls, = 0. 
the bulk of the liquid is given by 




Vx= - 


DXft 


“( 4-0 


(17) 

Hence the velocity of 

87r», 

We note in particular that Vx - 0 when z = L/\/3. This fact plays an 
important role in the evaluation of the electrophoretic measurements 
carried out by the microscopic method in closed, flat cells. The particles 
which are suspended in the moving liquid of these cells possess a velocity 
which is the algebraic sum of the velocity y* of the liquid and the migration 
velocity of the particle relative to the liquid. The latter, i,e., the true 
electrophoretic speed of the particle, is obtained directly when the observa- 
tions are made at a depth where the liquid is at rest. In accordance with 
the above consideration the measurements^"* confirm that this occurs 

at the distance 0.21 Id ^ ^ J either wall, when d » 21/ is the 

thickness of the cell. 

In evaluating the electric force dF^^ on the volume element dr only the 
actiop of the applied field X was considered. Actually, however, a second 
electric intensity Z = -d^p/dz, due to the field of the double layer, also is 
acting upon the charges dQ « pdr. This second field creates a force 




D dV 


47r dz^ 


diA , D' d 

dr « — -p 

dz Stt dz 


/#Y 

\dz) 


dT 


w-L! phenomena and Their Apv^ication to Biology and Medicine'' p. 71 

Niw York, Chemical Catalog Co., Reinhold Publwhing Corp., 1934 p. m. 
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which is- directed normal to the charged plane surface of either the flake 
or the walls of the flat cell. This force cannot influence the tangential 
flow of the liquid and can therefore be neglected in the theory of electro- 
phoretic migration. It gives rise to a pressure-gradient normal to the 
plane 


dp/dz 


Sir dz 


d / d\fV 

dz \dzj 


(18) 


This gradient exists also when the particle is at rest and it is not changed 
by the movement of the liquid. It gives rise to a pressure difference so 
that the pressure exerted on a charged colloidal particle is larger than the 
ordinary hydrostatic pressure in the liquid. From 18 it follows that the 
additional pressure, po, on a plane surface is 


Po 


^ R. (RRi ^ 

St \dz/o • 


2ira 


On the basis of a more complete calculation by Dallenbach^ and Zmcky , 
which takes into account the electric forces on the ions and on the induced 
polarization charges, Mueller^’^ finds for the additional pressure 

^ 1)(3D + 7) 


Po = Stto- 


52)^ 


-f 


l/D' 


(19) 


In aqueous solutions (Z) = 80) this pressure is, approximately, po = 67r<r75, 
and, since the surface charge cr of jnany proteins and colloids is between 
10^ and iC esu, the pressure po may reach values between 10 to 100 
atmospheres. In the double layer around ions this pressure amounts to 
several thousands of atmospheres and, as Zwicky'® has shown, plays an 
important role in the theory of the specific heat of electrolytes. Very 
little is known whether or not this pressure effect is of importance in the 
physics’of colloids and proteins. Muelleri^ has pointed out that it “^y 
contribute to. the understanding of the problem of the stability of colloida 
solutions. It seems unlikely that the pressure influences the migration ot 
particles, provided that it does not alter the viscosity and dielectric con- 
stant of the liquid. 

The Electrophoretic Migration of Spherical Particles 

In contrast to the electrophoretic flow along plane surfaces the problem 
of electrophoretic migration of colloidal particles offei^ great mathematacal 
difficulties . To be sure, the differential equation for the flow about micelle, 
of arbitrary shapes can readily be obtained by a generalization of equa- 
tion 15, as follows. The velocity, r, of an arbitrary volume element, dr, 

DnUenbacb, W., Physik, Z.^ 27, 632 (1926). 

” Mueto; H.; 743 &5); CM Svrim Harbcr Quant. Bid.. 1, 60 (1933). 
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of the liquid, located at a position given by the coordinates y, z, has 
three components Vy, v,. The flow creates a pressure distril^jution 
p{x, y, z) and the electric field, arising from the externally applied voltage 
and from the charges of the particle and the ions in the double layer, is 
given by a potential $(x, y, z). Each one of the three forces dF", 
and dF’‘ on a volume element has three components dF^, dFy and dF,. 
In the following we shall give only the x components of these forces, 
because the analogous equations for the y and 2 components are obtained 
simply by a permutation of the -indices x, y, 2 . 

Application of equation 7 to all six sides of the rectangular volume 
element yields 


dFl^y 



A. 4. 4. 

dx \da: dy 'dzj 


dr 


(100 


The pressure gradient creates a force 


(140 

and the electric force is dFl^ == pXdr, Since the components of the field 
intensity are Z = - — , and the charge density p is given by Poisson’s 

uX 

law to p =: ^ the electric force is 

47r 


dF 


el 

X 


J- V $ — dr 
ir dx 


(110 


Finally the velocity v must satisfy the continuity equation 


^ + ^ + ^ „ 0 
dx dy ~ dz 


( 20 ) 


which states that the amount of liquid in the element dr remains constant 
and which is a consequence of the negligible compressibility of the liquid. 

According to 10', 14', 11' and 20, the total force on a volume element 
has the components 


dFy~ 



?2 + £ 7 '*»' 

dx iiT dx 


dt 


This force is not zero, except in the case of parallel flow, where the velocity 
of any volume element remains constant. In the flow around a particle 
the velocity of the liquid changes its magnitude and direction; hence the 
mass dm of the liquid in dr has an acceleration, and the equation of motion 
is therefore dF* = a*dm. For the slow motion of small particles in a 
steady field Lamb and Oseen^* have shown that the inertia term o-dm is 


“ Lamb, H., Uyirodynamia, p. 608, 6th edition, Cambridge Univemity Pr«*, 1932, 
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small m comparison to the other forces and can in most cases be neglected. 
It IS therefore permissible to assume dF = 0, but it should be noted that 
we t ereby limit our consideration to the electrophoresis in a steady electric 
e . n a ternating electric fields the inertia term becomes increasingly 
more important, the higher the frequency. The condition dF = 0 yields 


47r By 

dz 4:Tr Bz 


( 21 ) 


which, in conjunction with equation 20, furnishes four differential equa- 
tions for the four unknowns v^, Vy, Vz and p. 

In order to arrive at simpler equations, one differentiates the three equa- 
tions 21 with respect to x, y, z, respectively. On account of 20, addition 
of the' results leads to an equation for the pressure 

- — 

4fir \^dx 


vV 


■f ■ 




+ • 








( 22 ) 


dx ' dy dy ' dz dz 

In place of the velocity vector v it is convenient to introduce the vorticity 
vector w, the components of which are defined by 


Wx = 


dv, 

dy 


dz 


(23) 


If now the second equation 21 is differentiated with respect to z, and the 
last equation 21 differentiated with respect to y, subtraction of the results 
yields 


V'^Wx 


p_ 

iirr) 




dV§ 

dz 


dz 


dy J 


(24) 


and permutation of x, y, z gives two analogous expressions for V^Wy 
and v“w,. 

The electrophoretic friction force can be calculated if the potential distri- 
bution # is known, and if one succeeds in finding solutions of the differential 
equations 22 and 24 which satisfy the boundary conditions. The boundary 
condition.s require that at the surface of the particle the velocity of the 
liquid be the same a6 that of the particle and that the liquid is at rest at a 
large distance from the micelle. The mathematical procedure is simplified 
by referring all quantities to a system of coordinates which moves with 
the particle. This change does not affect the differential equations, but 
the boundary conditions are now: t) = 0, at the surface, and z; = -F at a 
large distance from the particle, if F denotes the velocity of the particle. 
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The use of the first boundary condition implies that the rotational 
Brownian motion of the particle can be neglected. It is not known what, 
if any, effect the rotation has on the migration speed. Inasmuch as small 
particles possess a very large angular velocity of rotational temperature 
motion, it seems plausible to assume that particles of arbitrary shape behave 
like spheres, and furthermore, since the speed and the axis of rotation 
change continually, that the average migration speed is identical with 
that of a non-rotating sphere. No justification of these assumptions has 
ever been given. 

For the problem of the electrophoretic migration of a sphere, it is con- 
venient to employ polar coordinates r, 6, ^ referred to the center of the 
sphere with the direction of the migration velocity as polar axis. The 
symmetry of the problem requires that Vr, Ve, p and $ are independent of ip 
and that = 0. This has the consequence that the vorticity vector w 
is given by a single component w = w^(wr - We - 0). Hence, the number 
of differential equations is reduced to two. They take the form^^ 


V'p 


1 a 

dr 



“f 


1 a 

sin 6 dO 



D [d^ av^$ 1 d^ /T 72 .n2’ 

4:ir ^dr dr ^ dd d6 


1 d^{rw) 
T dr^ 




1 £ 

r^de 




_£ 1 ^ ^ 

47rr r ^dr dO dO dr 


(220 


(240 


The streaming velocity is obtained from the vorticity by the use of equa- 
tion. 23, which takes the form 


15, . 


1 dVr 

‘rdO 


and V has to satisfy the continuity equation 


1 1 

y,2 


i^Vr) + 


1 


r sin 6 dd 


(«s sin e) = 0 


(230 


(200 


The boundary conditions are Vr = Vf = 0, for r = a; and => -F cos 9, 
y# = F sin 6, when r is very large. The friction force on the particle is 
obtained from 


F' = 27ra* 


[ iPrxJr^ 
Jo 


sin 0 dd 


( 26 ) 


■* noted that p ia a aoalaf, w a vector 

quantity. In the notation of vector analyeia we have therefore vh •• div grad p, but vtw »■ curl curl w. 
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where a is the radius of the sphere and is the component in the 

direction of naotion of the force actmg on a surface element of the particle. 
A lengthy but elementary calculation shows that 


- (-P + 2, 1') cos « - , (I" + i ^ , (25) 

It is convenient to consider the solution of the above boundar^^ value 
problem as consisting of three parts: 

-f 

W ^ 

Vr ^vl + vV + (27) 

2^0 == 


f + p-ii 4. pill 


The index I refers to a particular solution of the inhomogeneous differ- 
ential equations 22' and 24'. The indices II and III refer to solutions of 
the homogeneous equations which are obtained from 22' and 24' by setting 
their right sides equal to zero. Inasmuch as tKe homogeneous equations 
relate to the flow about an uncharged particle or about a charged particle 
in an insulating medium, we are justified in assuming that solution II is 
given by the relations which lead to Stokes’ law, namely 


P 


II 


ZVrja 


cos 


6 


.■..Fcos.[|5-1-|] (28, 


« 67r7;a7. 

Since this solution satisfies the boundary conditions, the two remaining 
parts, I and III, have to comply with the much simpler conditions that 

vl 4“ = 4-1- 4^^ « 0, for r « a and also for r = 00 (29) 


The artifice of introducing Stokes’ solution as a part of the complete solu- 
tion carries the advantage that the velocity V is eliminated. The particle 
velocity, therefore, will not enter explicitly into the solutions I and III. 
This fact justifies the use of equation 1', which implies that -f F^^^ « qE 
is independent of V. 

‘ ^ Debye. P., and Httckel, B.. Fhyaik, Z,, 25, 49 (1924). 



636 


PROTEINS, AMINO ACIDS AND PEPTIDES 


Lamb^^ has shown that a general solution of the homogeneous equations 
for arbitrary boundary conditions can be represented by a sum of spherical 
harmonics, and it is sufScient, for the present purpose, to consider only 
the first terms of this series. It leads to 

~ Aq + (ilir 4- Bi/r^) cos 6 

- (Ajr^ /IO t] 4* Bi/riv ^ A^ + B^/r^) cos 6 (30) 

~ Bi/2nr -A 2 + B^/^r^) sin Q 

There remains therefore only the determination of a particular solution of 
the inhomogeneous equations. This particular solution is not restricted 
by boundary conditions, because 29 can, always be satisfied by a proper 
choice of the constants Ai and Bi in 30. 

The expressions on the right side of both equations 22' and 24' depend 
on the electric potential distribution <I>. At a large distance from the 
particle both expressions will vanish, because 1% tends rapidly toward 
zero. The solution of the problem, therefore, requires only that the po- 
tential distribution be known accurately in the neighborhood of the micelle. 
It is this electrical problem which presents the greatest difficulties and 
which has not yet been solved in a rigorous manner. The theories of 
Htickel^^ and of Henry^^ assume that the electric field is given as a super- 
position of the field which exists around the charged particle when it is at 
rest, and of the field which the applied outer voltage would create when 
the particle was uncharged. This assumption, though plausible, is subject 
to criticism. It implies that , the potential can be represented by 


$ = ^ (31) 

where the potential \p is that of the electrical double layer and is supposed 

to possess spherical symmetry, i.e., = 0. Since the potential p of the 

ou 

applied field X contains no space charges, it satisfies Laplace’s equation 
vV = 0, and equation 22' reduces to 


^ D a. ac^) ^ , , 

47r dr dr 47r\dr dr ^ 

Its solution must be of the form p == po(r) 4 . px{r, 6), where 


and 




(32) 

(33) 


47r dr dr 

n, " ’1 idition, Cambridge University Press, 1933. 
i).' /• : //: . . .,4133, 106(1931). 


( 34 ) 
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Inasmuch as the pressure distribution, po, has spherical symmetry, it can- 
not give rise to a force on the particle, and therefore can be neglected in 
the electrophoretic problem. As was pointed out previously, po creates 
an increase of the hydrostatic pressure on the micelle. The second equa- 
tion, 24', reduces to 
d'^'irw) 


6r“ 


, 1 ^ r 1 ^ f 

r dd l_sin 6 dd 


D 8y a(vV) 
dd dr 


(35) 


and the theories of Huckel and of Henry deal primarily with the solutions 
,i 34 and 35. The two theories differ in only one important respect. In 
the evaluation of the potential Debye and Huckef" ignore the presence 
of the particle. They assume that the applied voltage creates a field 
which is everywhere uniform. Hence they use^ 

(fl = -Zr-cos d 

Er = N cos d E) = -JI sin B (36) 

Henry, on the other hand, takes into account that the particle alters the 
field distribution. Henry postulates that 

(37) 


«,= -Jrll 


cos 6 


This represents the potential distribution around an uncharged spherical 
narticle when it is immersed in a conductive liquid across which a uniform 
field Z, is applied. X = (m - m')/(2m + mO, where m' are the specific 
conductivity of the solution and of the material of the particle, respec ive y . 
For dielectric particles, / = 0 and h_ence X = 

of a theory Is ^- times larger than in Hiickel’s. It is 

thfcrrmstance wMch alters the factor 4. in Smoluchowski's equation 

to bir in tljjg limiting case the two theories become 

identical ft is sufficient to give here Henry's solutions of the inhomogeneous 
ctiuations. They are 




V) 


cos 6 


DX 

4Tr 


-PJjsin^ 

Airrj 


JJi 
^ dr 


2f 


&7rr} 


COS 0 


v] 


QTtrf 




{f «* + 2V 

/’(*•] 


(38) 
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where 




( 39 ) 


The lower limits of the integrals j ^ dr and j dr are arbitrary param- 
eters. The force component^ is independent of these parameters and 
is found from 25 and 26 to have the value 

= -DXa^i^^ (40) 

because, by Gauss’ theorem, = Q is the charge of the 

particle, or the total charge of the ionic atmosphere. represents the 
resultant force which the applied field exerts on the ions of the double 
layer. This force is transmitted to the particle and balances the eleptric 
"force on the particle. As a consequence of this result the migration equa- 
tion gives no direct information about the charge Q of the particle. 

The last step of the calculation consists in satisfying the boundary condi- 
tions 29, This leads to a determination of the integration constants A i and 
Biy which are found to be Ao = 0, = 0 and 


= 


2r}Bi 

3a 

DXci 


Qwr) 


•'oo 


dr 


„ DXa^ r\, Dx r 

Bi = / ^dr+— fUdr 

iJilTT) Jtx) tiTTT} Jtjo 


By introducing these values into 30 one finds from 25 and 26 the last com- 
ponent of the friction force 

/!’" = -DXa (41) 

The total friction force on a spherical particle, F' « + F^^ + F^^^ is 

therefore 


F' = QirvaV + QX - DXa P^dr 

00 

and comparison with 1' gives 

q = Q - Da J i dr 


(42) 


On the basis of Htickel’s theory X = 0, f whence q Q - Da^n, and 
from 6 and 3' it follows u' = ^D - q/a)/Q7rri » 0. Hence Hiickel’s 
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theory leads to the sa,me mobility equation, 4, which holds 
pErticlc in an insulating ni6diuni 


for a spherical 


u = y/QD/bTif], 

Henry’s theory, however, does not confirm this equation. Since F' bal- 
ances the^electric force QX on the particle, equation 42 furnishes u = 

eVvJ integration by parts of 39 leads to the following 

alternate expressions 



(43a) 

(43b) 


According to this result, the electrophoretic migration speed is, in general, 
not only a function of the potential, \f/o, of the particle, but depends also 
on the radius and the conductivity of the particle and on the course of the 
^(r) curve, ue., it depends on the structure of the double layer. The equa- 
tion assumes a simple form if the potential can be represented by ^ = c/r”, 
namely 


u 


^“[1 + Xn(n - l)/(n + 5)(n + 3)] 


(44) 


This equation is particularly well adapted to illustrate the significance of 
Henryks theory. It reduces to HiickePs equation 4 not only when X = 0, 
but also when n 1. Since the latter case corresponds to the potential 
of a particle in an insulating liquid, we are assured that the limiting case 
of a particle with a very thick double layer is given correctly by this theory. 
The other limiting case of a very thin double layer corresponds to a very 
steep potential gradient, i.e., to a large value of n. If n is large, equation 


44 furnishes u 


(1 4* X), and for a dielectric particle, for which X = 

OTTf) 2 


one obtains Smoluchowski^s equation u « This limiting law again 

4X7? 

satisfies our expectations, becausfi if the extent of the double layer is small 
compared to the radius of the particle, the flow along its surface differs 
very little from that along a plane surface, for which Smoluchowski^s equa- 
tion has been shown to be valid. 

For the intermediate case, where the radius of the particle and the thick- 
ness of the double layer are of the same order of magnitude, the potential 
variation cannot be represented by a law c/r^. To a first approximation 
the potential is given by the Debye-Huckel law ^ where k 

is the reciprocal of the thickness of the double layer. As Henry has 
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shown, this potential distribution leads for dielectric particles to a migra- 
tion equation of the form 

u = ^V(«a) (45) 

The function /(m) is obtained in the form of a power series from 43a or 43b 
J{Ka) = 1 - 3Aa + 2b/{mf -- 22Q/{Kaf -!-••• (46a) 

or 

/(/ca) = 1 + (^a)Vl6 - 5(/ca)V48 

- (Ka)V96 + (/ca)V96 - ^ e*" f ^ dt (46b) 

t/U •'a t • 

46a is applicable when (ko) > 25} 46b is convergent for all values of (ko,), 
but the computation is practicable only when (/ca) < 5. This function is 
very closely approximated in its entire range by 

/(sa) = (16 + Ix-a -f / cV )/(6 -f /ca)(4 -f ko) (46e) 

This approximation results from the fact that near the surface of the 
particle the Debye-Hiickel potential can be approximated by c/r", where 
n = 1 -f /ca. 46c is obtained by introducing this value of n into (44) and 
by using X = |. The surprisingly close agreement between the results 
obtained by 46c and those derived from 46a or 46b is a verification of the 
statement that it is sufficient to know the potential distribution near the 
surface of the particle in order to arrive at a satisfactory equation for the 
electrophoretic mobility. 

Figure 1 illustrates the course of the/(/ca) curve. For /ca > 300, Smolu- 
chowski’s equation is accurate to within 1 per cent. To within the, same 
accuracy Hiickel’s equation becomes valid when /ca < 0.5. Although 
Henry’s equation leads in this case to the same result as Huckel’s theory, 
it should be noted that the two theories are based on diffei'ent assumptions. 
Since Hiickel’s theory neglects the distortion of the field by the particle 
and thus employs a rather poor representation of the field distribution, 
which is especially poor in the range where the field is most effective, 
Henry’s derivation should be considered preferable. On the other hand, 
it is doubtful whether Henry’s theory is justified for any value of X different 
from |. According to equation 37, the assumption X | implies that the 
electric current passes from the solution through the particle. This would 
necessitate the discharge of ions along the surface of the particle and this 
would lead to electrochemical reactions. Since no such phenomena have 
been observed, it is preferable to assume that even in the case of con- 
ducting micelles, the electric field is tangential to the surface, as it is when 
X = i The assumption of a variable value of X in Henry’s theory should 
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be considered a mathematical artifice^ which was introduced for the pur- 
pose of verifying HtickeFs equation for. the limiting case X - 0. 

Henry's theory is not a rigorous solution of the problem of electro- 
phoretic migration. It is a first approximation, and the fact that it satis- 
fies all limiting requirements shows that it must be a very good approxima- 
tion. The objections and criticism of Henry’s theory are directed against 
the assumption that the electric field around the particle is adequately 
represented by a superposition of the field in the double layer of a particle 
at rest and of the field as created by the electric current around an un- 
charged particles. This assumption, though it appears plausible, is rather 
arbitrary. Mooney^"^ and Henry^^ have attempted to formulate a more 



accurate; theory, but both find that it leads to differential equations which 
are too (jornplicated to allow any hope of a complete solution. The diffi- 
eulties liecomc apparent when one realizes the complex interaction be- 
tween hydrodynamic flow, electric current and electric charge distribution 
around the particle. The. flow of the liquid and the electric current con- 
tinually carry new ions to and from the environment of the micelle. Tlie 
ions which constitute the ionic atmosphere are thus continually replaced 
by new ones. This exchange produces a distortion of the double layer 
biatifie the ions which are approaching the micelle require a finite tune 
before their distribution can adjust itself to the field distribution near t 
partSl^ the ions which leave the double layer cannot mstanta- 

w Ummny* U., Chm., 35, 331 (1031), 


642 


PROTEINS, AMINO ACIDS AND PEPTIDES 


neously assume a random distribution. Hence the double layer will trail 
behind the moving particle; in front of the micelle the ionic atmosphere 
will be thinner thandn the region behind the particle. The production of 
an asymmetric double layer around a moving particle is frequently re- 
ferred to as the “relaxation effect^^ of the double layer. 

An exact theory of this effect should take into account that the migration 
of the ions is due partly to the flow of the liquid, and partly to the applied 
voltage. Hence, the electric current distribution depends not only on the 
electric potential variations, but also on the hydrodynamic flow. More- 
over, the current depends on the charge distribution in the double layer, 
because the latter determines the ionic concentrations in tfcie neighborhood 
of the micelle. The combined effect of the flow and the charge distribution 
on the current results in an apparent change of the conductivity of the 

Table 1. Values of the Function / (ica) ~ 

(6 + Ka) (4 4“ Ka) 

Asymptotic behavior for 



small m: /(^a) 

= f [i + 

Ka 7 (Kay 

48 576 

41(Ka)3 

6912 

+ •••• 

1 


large xa: /(xa) 

= 1-1 
Ka 

22 148 





(xa)® (Ka)' 

1 + 



Ka 


xa 

/W 


xa 

fixa) 

0 

0.66667 

7 

0.79720 


25 

0.90767 

0.1 

0.6681 

8 

0.80952 


30 

0.91994 

0.5 

0.6752 

9 

0.82051 


40 

0.9367 

1 

0.68571 

10 

0.83036 


50 

0.9488 

2 

0.70833 

12 

0.84722 


100 

0.9702 

3 

0.73016 

14 

0.86111 


200 

0.9855 

4 

0.75000 

16 

0.87273 


500 

0.9941 

6 

0.76768 

18 

0.88257 


1000 

0.9970 

6 

0.78333 

20 

0.89103 




electrolyte in the neighborhood of the micelle. It gives rise to a surface 
conductivity. As Mooney^^ first pointed out, the surface conductivity 
will influence the electric field distribution. If, finally, we remember that 
on account of the relaxation effect the double layer in turn is altered by 
the current and, by virtue of the fundamental equations, the flow depends 
on the field and the charge distribution, we can arrive at a full appreciation 
of the complexity of the mathematical problem. To be sure, it is likely 
that various aspects of these intricate interactions may be disregarded 
on the ground that they would lead only to minor corrections, or that they 
might lead to deviations from the observed linear relationship between 
migration speed and applied field. Unfortunately, such a process of 
elimination has so far not been successful. 

A simplified theory of the relaxation effect of the double layer around 
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ions was proposed by Debye and Huckel“. Their theory disregards the 
influence of the flow of the liquid and of the surface conductivity and con- 
siders only the asymmetry of the ionic atmosphere which is produced by a 
uniform current distribution. As a further sunplification it is assumed 
that the asymmetry of the double layer does not alter either the flow or 
the friction force. Its effect consists in changing the electrical force on the 
particle. Paine^* and Hermans^’ have adapted this theory to the case of 
colloidal particles, and the latter arrives at the conclusion that the distor- 
tion of the double layer will reduce the migration speed if the electrolyte 
is symmetric, but that in an asymmetric electrolyte an increase of the 
speed might eventually result. According to Hermans the relaxation, 
effect plays an important role even if the double layer is much thinner than 
the radius of the particles and it may alter the migration velocity by as 
much as 50%. It seems rather doubtful whether these conclusions can 
be accepted. They are based on assumptions which appear far too 
greatly simplified. Wliile a reduction of the migration-speed as the result 
of the relaxation effect cannot be questioned, it is not obvious that this 
effect can be adequately evaluated by considering only the electric forces 
between the asymmetric double layer and the charges of the particle. 

The present state of the theory of electrophoretic migration can be 
summarized as follows: If the thickness of the double layer is smaller 
than the radius of the particle the application of Smoluchowski’s equation 
is justified for all particle shapes. In the other limiting case of small 
particles with a thick double layer, the migration formula approaches the 
form of Hiickel'a equation. For intermediate cases the factor C in the 
mobility e(iuation u =» will depend on the size, shape and charge 

of the micelle, and on the constitution of the double layer. Although 
according to Henry's theory the value of C is between Iir and Ctt, it is not 
impc).S8iblc that on account of the relaxation effect C may in some cases 
exceed the value fix. 


^ P.* and IR.. Phyrnk. Z., 24, 306 (1923). 

H. k., Phil. 28, ^ /ifkOo\ 

^ (7> 25, 426 (iy38)’, (7) 26, 660 (1988). 






Dielectric Increments of Ellipsoidal Molecules, expressed as Functions of the 
Frequency of the Applied Field, and of the Axial Ratio of the Ellipsoid. 

Table 1 

Axial Ratio a/6 «« 1 

Relative Dielectric Increment, 


Relative Frequency, 

vfm 


10.0 

8.0 

6.3 

6.0 

4.0 
3.2 
2.6 

2.0 
1.6 
1.25 
1.00 
0.80 

.63 

.60 

.40 

.32 

.26 

.20 

.16 

.126 

.100 

.080 

.063 

.050 

.040 

.032 

.026 

.020 

.016 

.0126 

.010 


0.010 

.016 

.026 

.038 

,049 

.089 

.138 

.200 

.281 

.390 

.600 

.610 

.716 

.800 

.862 

.908 

.941 

.962 

.976 

.984 

.990 

.994 

.996 

.997 

.998 

.999 

1.000 

1.000 

1.000 

1.000 

1.000 
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Table 2 


Axial Ratio ci/b = 2; v^/va « 1.605j v ^ i/vh *= 1.050 


Increment Ratio, 
ADc/ADb 

0 

0.1 

0.25 

o.s 

1 

2 

4 

1 

10 

CD 

Dipole Angle, 0“ 

90.0 

72.4 

63.4 

54.7 

4S.0 

35.3 

26.6 

17.6 

0 

Relative Frequency, 
j>/vo 

Relative Dielectric Increment, (15' — Dco)/(i5o — Deo) 

10.0 

0.009 

0,009 

0.008 

0.007 

0.006 

0.005 

0,005 

0.005 

0.004 

8.0 

.014 

,013 

.013 

.012 

.010 

.009 

.008 

.008 

.007 

6.3 

.022 

,021 

.020 

.018 

.016 

.015 

.013 

.012 

.011 

5.0 

.035 

.033 

.032 

.029 

.026 

.024 

.021 

.020 

.018 

4,0 

.054 

.052 

.049 

.045 

.040 

.036 

.032 

.029 

.027 

3.2 

.081 

.077 

.073 

.068 

,062 

.055 

.050 

.046 

.042 

2.5 

.126 

.121 

.114 

.106 

.096 

.086 

.078 

.071 

.066 

2.0 

.185 

.177 

.168 

.166 

.142 

.128 

.116 

.107 

.099 

1.6 

.261 

.251 

.238 

.223 

i .204 

.185 

.170 

.157 

. .147 

1.25 

.368 

,355 

.338 

.319 

.294 

.269 

.250 

.233 

.220 

1.00 

,475 

.460 

.441 

.419 

.390 

.362 

,340 

.321 

.306 

0.80 

.587 

.571 

.551 

.527 

.498 

.468 

.444 

.424 

.408 

.63 

.695 1 

.680 

.661 

.639 

,611 

.682 

.560 

.541 

.526 

.50 

.784 

.771 

.755 

.736 

.712 

,687 

,668 

.652 

.639 

.40 

.850 

.839 

.827 

.811 

.792 

.773 

.757 

.745 

.734 

.32 

.899 

.891 

.882 

.870 

.866 

.842 

.830 

.821 

.813 

.25 

.935 

.930 

.923 

,915 

.906 

.896 

.888 

.881 

.876 

.20 

.958 

.954 

.950 

.945 

,938 

.931 

.926 

.922 

.918 

.16 

.973, 

.971 

.968 

,964 

.960 

.955 

.951 

.948 

.946 

.125 

.983' 

.982 

.980 

.978 

.974 

,972 

.970 

.968 

.967 

.100 

,989 

.988 

.987 

.985 

.984 

.982 

,980 

.979 

,978 

.080 

.993 

.992 

.992 

,991 

.990 

.988 

.987 

.987 

,986 

.063 

.995 

.995 

.994 

.994 

.993 

,992 

.992 

.991 

.991 

.050 

.997 

.997 

.997 

,996 

.996 

.996 

.996 

.995 

.995 

.040 

.998 

.998 

.998 

.997 

.997 

,997 

.996 

.996 

.996 

.032 

.999 

.999 

.999 

.998 

.998 

.998 

,997 

.997 

.997 

.025 

.999 

.999 

.999 

.999 

.999 

.998 

.998 

.998 

.998 

.020 

1.000 

1.000 

1.000 

l.'OOO 

.999 

.999 

.999 

.999 

.999 

.016 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

.0125 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

i.doo 

1.000 

.0100 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 
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Table 3 


Axial Ratio o/6 ■» 4; vo/va = toAo = 3.396; v^s/vb - Wro “ 1.190 


Increment Ratio, 
ADa/^Db 

0 

0.1 

0.25 

0.5 

i 

2 

4 

10 

00 


Dipole Angle, O'* 

90.0 

72.4 

63.4 

54.7 

45.0 

35.3 

26.6 

17.6 

0 

Relative Frequency, 
v / v ^ 

Relative Dielectric Increment, (i 


10.0 

0.007 

0.006 

0.006 

0.005 

0.004 

0.003 

0.002 

' 0.002 

0,001 

8.0 

.011 

.010 

.009 

.008 

.006 

.004 

.003 

.002 

.001 

6.3 

.018 

.017 

.016 

.013 

.010 

.007 

.005 

.003 

.( K )2 

6.0 

.027 

.025 

.022 

.019 

.015 

. .012 

.009 

.006 

. 00 ^ 

4.0 

,042 

.039 

.036 

.030 

.024 

.018 

.013 

,009 

.006 

3.2 

.065 

.060 

.054 

.046 

.037 

.028 

.020 

.014 

.009 

2.5 

.101 

.093 

.084 

.072 

.058 

.043 

.031 

.022 

.014 

2.0 

.150 

.138 

.124 

.107 

.086 

.064 

.047 

.033 

.021 

1,6 

.216 

.199 

.179 

.166 

.124 

.094 

.070 

.050 

.033 

1.25 

.312 

.288 

.260 

.226 

.182 

.139 

.105 

.077 

.053 

1.00 

.414 

.384 

.347 

.303 

.247 

.191 

.147 

.101 

.080 

0.80 

.524 

.487 

.443 

.389 

.322 

,254 

.200 

.156 

.119 

.63 

.640 

.598 

.548 

.486 

.410 

.333 

.271 

.221 

.179 

.50 

.739 

.696 

.643 

.578 ' 

.498 

.418 

.353 

.301 

.267 

.40 

.816 

,774 

.723 

.661 

.584 

.507 

.445 

.394 

.352 

.32 

.873 

.835 

.790 

.734 

; .666 

.596 

,540 

, .495 

.457 

.25 

.919 

.888 

.852 

,807 

.760 

.694 

.649 

,613 

.682 

.20 

.947 

.923 

.894 

.859 

.816 

.772 

.737 

.708 

.684 

.16 

.966 

.943 

.927 

.901 

.869 

.837 

.811 

.790 

.772 

.125 

.978 

,966 

.962 

.935 

.913 

.891 

.874 

.860 

' .848 

.100 

.986 

.978 

.968 

.956 

,941 

.926 

.914 

.904 

.896 

.080 

.991 

.986 

.979 

.971 

.961 

.951 

.943 

.936 

.931 

.063 

.994 

.991 

.986 

.981 

,975 

.969 

.964 

.969 

.966 

.060 

. 996 ' 

.994 

.991 

.988 

.984 

.980 

.977 

,974 

.972 

.040 

.997 

.996 

.994 

.992 

'.989 

.986 

.984 

.982 

.981 

.032 

.998 

.997 

.996 

.995 

.993 

.991 

.990 

.989 

.988 

,026 

.999 

.999 

.997 

.997 

,996 

.995 

.994 

.994 

.993 

.020 

1.000 

1.000 

.999 

.998 

.998 

.997 

,996 

.996 

,995 

.016 

1.000 

1.000 

,999 

.999 

.999 

.998 

.998 

.997 

.997 

.0125 

1.000 

1.000 

1.000 

1.000 

.999 

.999 

.998 

.998 

.998 

.0100 

1.000 

1.000 

1,000 

1.000 

1.000 

.999 

.999 

.999 

.999 
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Table 4 


Axial Ratio a/b - 6; n/pa = Ta/n = 6.062; v,/vi, = n/ro - 1.250 


Increment Ratio, 
ADa/^t>b 

0 

0.1 

0.25 

0.5 

1 

2 

4 

10 

00 

Dipole Angle, 0 ®. . . . 

90.0 

72.4 

63.4 

54.7 

45.0 

35.3 

26.6 

17.6 

0 

Relative Frequency, 
v/vQ 


Relative Dielectric Increment, (Z)' 

’~D«)/(I?o ~Dco) 


10.0 

0.006 

0.005 

0.005 

0.004 

0.003 

0.002 

0.001 

0,001 

0.0 

8.0 

.010 

.009 

.008 

.007 

,005 

,003 

.002 

.001 

0.0 

6.3 

.016 

.015 

,013 

.011 

.008 

.006 

.004 

.002 

.001 

5.0 

.025 

.023 

.020 

.017 

.013 

.009 

.006 

.003 

.001 

4.0 

.038 

.035 

,031 

.026 

.020 

.014 

,009 

.005 

M2 

3.2 

.059 

.054 

.048 

.040 

.032 

■'.022 

.014 

.008 

.003 

2.5 

.093 

.085 

.075 

.063 

.048 

.034 

.022 

.012 

.004 

2.0 

.136 

.124 

.110 

.093 

.071 

,049 

.032 

.018 

.006 

1.6 

.200 

.183 

.162 

.137 

.106 

.074 

.049 

.028 

.011 

1.25 

.291 

.266 

.236 

.200 

.154 

.108 

.072 

.042 

•.017 

1.00 

.390 

.357 

.317 

.269 

,208 

.147 

.099 

.059 

.026 

0.80 

.500 

.458 

.408 

.347 

.270 

.194 

.133 

.083 

.041 

.63 

.624 

.573 

.512 

.437 

.344 

.251 

.176 

.115 

.064 

.50 

.719 

.663 

.595 1 

.512 

,408 

.305 

.222 

.154 

.098 

.40 

.800 

.741 

.669 

,582 

.473 

.364 1 

.277 

.204 

,146 

.32 

,862 

,803 

.731 

.644 

.536 

,427 

.340 

.268 1 

.209 

.25 

.912 

.857 

.790 

.709 

.608 

.507 

.426 

.359 

.304 

.20 

.941 

.892 

.834 

.762 

.673 

.584 

,512 

.454 

.405 

.16 

.962 

.921 

.873 

.813 

.738 

.664 

.604 

.556 

.515 

.125 

.976 

.945 

.908 

.862 

.806 

.749 

.703 

.666 

.635 

.100 

.984 

.961 

.934 

,900 

.858 

.816 

,782 

.755 

.732 

,080 

.990 

.974 

.954 

.930 

.900 

,870 

.846 

.826 

.810 

.063 

.994 

.983 

.970 

.954 

.934 

.913 

.897 

.884 

.873 

.050 

.996 

.989 

.980 

.970 

.956 

.943 

.933 

.924 

.917 

.040 

.997 

.992 

.987 

.980 

.971 

.962 

.955 

.950 

.945 

.032 

.998 

.995 

.991 

.987 

.981 

.975 

.971 

.967 

.964 

.025 

.999 

.997 

,995 

.992 

.988 

.984 

.981 

.979 

.977 

.020 

.999 

,998 

,996 

.995 

.993 

.990 

.989 

.987 

.986 

.016 

1.000 

,999 

.998 

.997 

.995 

.993 

.992 

.991 

.990 

,0125 

l.CKK) 

.999 

.999 

.998 

,997 

,996 

.995 

.995 

.994 

.0100 

1.000 

1.000 

.999 

.999 

.998 

.997 

.997 

.996 

.996 



648 


PROTEINS, AMINO ACIDS AND PEPTIDES 


Table 5 


Axial Ratio a/6 = 9 ; va/va = ra/n - 11 . 58 ; n/vb = n/To - 1.288 


Increment Ratio, 
ADa/^Db 

0 

0.1 

0.25 

0.5 

1 

2 

4 

10 

00 

Dipole Angle, 6 ° — 

90.0 

72.4 

63.4 

54.7 

45.0 

35.3 

26.6 

17.6 

0 

Relative Frequency, 
y/va 


Relative Dielectric Increment, (D' — Dco)/iDo — Dm 

) 


10.0 

0.006 

0.005 

0.005 

0.004 

0.003 

0.002 

0.001 

0.001 

0.000 

8.0 

.009 

,008 

.007 

.006 

.005 

.003 

.002 

.001 

.000 

6.3 

.015 

.014 

.012 

.010 

.008 

.005 

.003 

.002 

.000 

5.0 

,024 

.022 

.019 

.016 

.012 

.008 

,005 

.002 

.000 

4.0 

.036 

.033 

.029 

.024 

.018 

.012 

.007 

.004 

.000 

3.2 

,056 

,051 

,045 

.037 

.028 

.019 

.011 

.005 

.000 

2.5 

.088 

.080 

.071 

.059 

.044 

.030 

,018 

.009 

.001 

2.0 

,130 

,118 

.104 

.087 

.066 

.045 

.028 

.014 

.002 

1.6 

.191 

,174 

.153 

.128 

.097 

.066 

.041 

.020 

.003 

1.25 

.278 

.253 

.223 

.187 

.142 

.096 

.060 

.030 

.005 

1.00 

.379 

.344 

.303 

.255 

.193 

.131 

.081 

,041 

.007 

0.80 

.485 

.442 

.390 

.324 

.248 

.169 

.106 

.054 

.011 

.63 

.604 

.551 

.487 

.409 

.312 

.214 

.136 

.072 

.019 

.50 

,707 

.645 

.571 

.481 

.368 

.255 

.165 

.091 * 

.029 

.40 

,790 

.722 

.641 

.542 

.418 

.293 

.194 

.113 

.045 

.32 

.855 

.784 

.698 

.593 

.462 

.330 

.225 

.140 

.068 

.25 

.907 

.834 

.747 

.640 

.506 

.373 

.266 

.178 

.106 

.20 

.938 

.867 

.782 

.678 

.543 

.417 

,313 

.228 

.157 

.16 

.960 

.893 

.813 

.715 

.593 

.471 

.373 

,293 

.226 

.125 

.975 

.916 

.845 

.766 

.649 

.540 

,453 

.382 

.323 

.100 

.983 

.932 

.872 

.797 

.704 

.615 

.538 

.476 

.426 

.080 

.990 

.949 

.900 

.838 

,.764 

.689 

.628 

.579 

.538 

.063 

.994 

.963 

,926 

.880 

.823 

.766 

.720 

.683 

.652 

.050 

.996 

.974 

.947 

.914 

.874 

.833 

.800 

,773 

.751 

.040 

.997 

.981 

.963 

.940 ^ 

.911 

.882 

.859 

.841 

.825 

.032 

.998 

.987 

.974 

.959 

.939 

.919 

.904 

,891 

.880 

.025 

.999 1 

.992 

.984 

.973 

.962 

.948 

.937 

.929 

.992 

.020 

.999 

.994 

.989 

.982 

.974 

,966 

.953 

.954 

.949 

,016 

1.000 

.997 

.994 

.989 

.984 

;978 

.974 

.971 

.968 

,0125 

1.000 

.998 

.996 

.993 

,990 

.986 

.983 

.982 

.979 

.0100 

1.000 

.999 

.997 

.999 

.994 

.991 

.990 

.988 

.987 
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Table 6 


Axial Eatio a/b = 12; vo/v. = u/t<, = 17.93; n/n = n/ro = 1.305 


Increment Ratio, 
ADa/^Db 

0 

0.1 

0.25 

0.5 

1 

2 

4 

10 

CO 

Dipole Angle, — 

90.0 

72.4 

63.4 

54.7 

45.0 

35.3 

26.6 

17.6 

0 


Relative Frequency, Relative Dielectric Increment, (D' — Dm)/(Ih — Da) 


10.0 0.006 0.006 0.005 

8.0 . 009 . 008 . 007 

6.3 .015 .014 .012 

6.0 . 023 . 021 .018 

4.0 .035 .032 .028 

3.2 . 065 . 050 . 044 

2.6 . 086 . 078 . 069 

2.0 .128 .116 .103 

1.6 .186 .169 .149 

1.25 . 272 . 247 . 218 

1.00 . 370 . 337 . 297 

0.80 . 478 . 435 . 383 

.63 . 697 . 643 . 479 

.50 . 701 .638 . 563 

.40 .786 .716 .633 

.32 . 851 .776 . 687 

.25 . 905 . 827 . 733 

,20 .936 .857 .763 

.16 .962 .884 .791 

,125 . 974 . 900 . 812 

.100 . 983 . 915 . 834 

.080 . 989 . 929 . 857 

.063 .994 .944 .883 

.050 . 996 . 966 . 908 

,040 .997 .966 .930 

.032 .998 .976 .949 

.025 . 999 . 984 . 966 

.020 . 999 . 989 . 976 

.016 1.000 . 993 . 986 

.0126 1.000 . 996 . 990 

.0100 1.000 . 998 . 994 

.0080 1.000 . 998 . 996 

.0063 1.000 . 999 . 998 

.0050 1.000 . 999 . 998 


0.004 0.003 0.002 0.001 0.001 0.000 
.006 . 006 . 003 . 002 . 001 .000 

.010 . 008 . 005 . 003 . 001 .000 

.015 . 012 . 008 . 005 . 002 . 000 

.023 . 018 . 012 . 007 . 003 . 000 

.037 .028 J)18 . 011 .005 . 000 

.058 . 043 . 029 . 018 . 009 . 001 

.086 . 064 . 043 . 026 . 013 . 001 

.124 . 093 .063 . 038 . 018 . 001 

.182 .137 . 092 . 056 . 026 . 002 

.248 .186 .126 . 076 . 036 . 003 

.320 . 242 .163 .100 . 048 . 005 

.401 .303 . 204 .126 . 062 .008 

.471 .356 . 246 .150 . 075 .012 

.530 . 402 . 275 .172 . 089 . 019 

.677 . 440 . 303 .193 .104 . 029 

.619 . 476 . 333 . 219 .125 .047 

.648 . 504 . 360 . 245 .151 .072 

.677 . 535 . 393 . 279 .186 .108 

.705 . 570 . 435 . 328 . 239 .166 

.735 . 610 . 486 . 387 . 306 . 238 

.769 . 659 . 548 .460 . 388 . 328 

.809 . 716 . 624 . 550 . 489 . 439 

.850 . 776 . 703 . 645 . 597 . 557 

.886 . 828 . 772 .727 . 691 .660 

.916 . 876 . 835 . 802 . 775 . 753 

.944 . 916 . 888 . 866 . 848 . 833 

.961 .942 . 923 . 908 . 895 . 885 

.974 . 962 . 949 . 938 . 930 . 923 

.984 . 976 . 968 .962 . 956 . 952 

.990 . 984 . 979 . 975 . 972 . 969 

.993 . 990 . 986 . 983 . 981 .979 

.996 . 994 . 992 . 990 . 989 . 988 

'.997 . 996 . 995 . 994 . 993 . 992 
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PROTEINS, AMINO ACIDS AND PEPTIDES 


Table 7. Axial Eatio a/h = 16; 

li 

To/ro — 

28.78; V 

O/Vb - 

'6/ro — 

1.316 

jncrement Ratio , 


0.1 

0.2S 

0.5 




10 

00 


0 

i 



3 ipole Angle , fi ® . . 

90.0 

72.4 

63.4 

54.7 

45.0 

35.3 

26.6 

17.6 

0 

Relative Frequ - 


Relative Dielectric Increment , ( D ' -- IL)/(Do — !?«) 


ency , v/vq 










10.0 

0.005 

0.005 

0.004 

0.003 

0.002 

0.002 

0.001 

0.000 

0.000 

8.0 

.009 

.008 

.( X )7 

.006 

.004 

.003 

,002 

.001 

.000 

6.3 

.015 

.014 

.012 

.010 

.008 

.005 

.003 

.001 

.000 

5.0 

.023 

.021 

.018 

.015 

.012 

.008 

.005 

.002 

.000 

4.0 

.035 

.032 

.028 

.023 

.018 

.012 

.007 

.003 

.000 

3.2 

.054 

.049 

.043 

.036 

.027 

.018 

.011 

.005 

. .000 

2.5 

.084 

.076 

.067 

.056 

.042 

.028 

.017 

.008 

.000 

2.0 

.126 

,115 

.101 

.084 

.063 

.042 

.025 

.011 

.000 

1.6 

.184 

.167 

: .147 

.123 

.092 

.062 

.038 

.018 

• .001 

1.25 

1.00 

.269 

.366 

.245 

.333 

.215 

.293 

.180 

.244 

.135 

.184 

.091 

.123 

.055 

.074 

.025 

.034 

.001 

.001 

0.80 

.475 

.432 

.380 

.317 

.238 

.160 

.101 

.045 

.002 

0.63 

.594 

.540 

.476 

.396 

.298 

.200 

.121 

.057 

.003 

,50 

.697 

.634 

.559 

.466 

,351 

.236 

.143 

.068 

.005 

.40 

,782 

.712 

.626 

.524 

.395 

.266 

.163 

.078 

.008 

.32 

.849 

.773 

.672 

.570 

.430 

.291 

.179 

.088 

.012 

.25 

.903 

.823 

.726 

.608 

.461 

.314 

.196 

.099 

.019 

.20 

.936 

.854 

.755 

.634 

.482 

.331 

.210 

.111 

.029 

,16 

.958 

.875 

.775 

.654 

.502 

.349 

.228 

.128 

.045 

.125 

.974 

.892 

.794 

.673 

.523 

.373 

.252 

,154 

.072 

.100 

.982 

.903 

.807 

.690 

.544 

.399 

.282 

.187 

.107 

.080 

.989 

.913 

.823 

.712 

.574 

.436 

.325 

.234 

.159 

.063 

.994 

.925 

.842 

.741 

.614 

.487 

.386 

.303 

.234 

.050 

.996 

.935 

.862 

.773 

.662 

.550 

.461 

.388 

.327 

.040 

.997 

.945 

.884 

.808 

.714 

.619 

.543 

.482 

.430 

.032 

.998 

.956 

.907 

.846 

.770 

.693 

.632 

.582 

.541 

.025 

.999 

.968 

.931 

,885 

.828 

.772 

.726 

.689 

.658 

.020 

1.000 

.977 

.951 

.918 

.876 

.835 

.802 

.775 

.753 

.016 

1.000 

.984 

.965 

.942 

.913 

.884 

.861 

.842 

.826 

.0125 

1.000 

.990 

,977 

.962 

.942 

,923 

.908 

. .895 

.885 

.0100 

1.000 

.993 

.984 

.974 

.961 

.948 

.938 

.929 

.922 

.0080 

1.000 

.995 

.990 

.983 

.975 

.967 

.960 

.954 

.950 

.0063 

1.000 

.997 

.994 

. .990 

.984 

.979 

.975 

.972 

.969 

,0050 

1.000 

.998 

.996 

,993 

.990 

.986 

.983 

• .981 

.979 

,0040 

1.000 

.999 

.997 

.996 

.993 

.991 

.990 

.988 

.987 

.0032 

1.000 

.999 

.998 

.997 

.996 

.995 

.994 

,993 

.992 

.0025 

1.000 

1.000 

.999 

.998 

.997 

.997 

.996 

.995 

.995 

,0020 

1.000 

1.000 

.999 

.999 

.998 

.997 

,997 

.996 

.996 

.0016 

1.000 

KOOO 

.999 

.999 

.998 

.998 

.998 

.997 

.997 

.00125 

1.000 

1.000 

1.000 

.999 

.999 

.999 

.998 

.998 

.998 

.00100 

1.000 

.1.000 

1.000 

1.000 

1.000 

1.000 

.999 

.999 

.999 
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Table 8. Axial Ratio a/h « 25; va/va ~ ro/ro =* 61.07; va/vb — rh/ra = 1.325 


Increment Ratio, 
ADa/^i^b 

0 

0.1 

0.25 

o.s 

1 

2 

4 

10 

CO 

Dipole Angle, 0* . . 

90.0 

72.4 

63.4 

54.7 

45.0 

35.3 

26.6 

17.6 

0 

Relative Frequ- 
ency, v/vo 

Relative Dielectric Increment, (D' — D^)/(,Do — D^) 

10.0 < 
8.0 

6.3 

5.0 

4.0 

3.2 

2.5 

2.0 

1.6 

1.26 

1.00 

0.80 

.63 

.60 

.40 

.32 

.25 

.20 1 
.16 
.125 
.100 
.080 
.063 
.060^ 

.040 

.032 

.025 

.016 

.0125 

.0100 

.0080 

.0063 

.0050 

.0040 

,0032 

.0025 

.0020 

.0016 

.00125 

.00100 

3,006 ( 
.009 
.014 
.022 
,034 
,053 
.084 
.125 
.182 
.265 
.363 
.470 
.590 
.695 
.780 
.847 
,902 
.935 
.956 
.974 1 
.982 
.989 
.994 
,996 
.997 
.{>98 
.999 
1,000 
1.000 
1.000 
i.om 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
l.OOC 
l.OOC 
l.CKX 
l.OOC 

3.005 ( 
.008 
.013 
.020 
.031 
.048 
.076 
,114 
.165 
.241 
.330 
.427 
.536 
.632 
.709 
.770 
.820 
.850 
^ .870 
.887 1 
.895 
,903 
,909 
.914 
.919 
.926 
.936 
.946 
.956 
.966 
,976 
.982 
.988 
.992 
.995 
1 ,997 

1 .998 

1 ,99S 

} .99C 

) .99^ 

) l.OOC 

}.005 ( 
.007 
.011 
.018 
.027 
,042 
.067 
.100 
.146 
.212 
.291 
.376 
.474 
.556 
,624 
.678 
.722 
.749 
.767 1 
.783 
.791 
.799 
.808 
.816 
.826 
.840 
.859 
.880 
' .902 

.926 
.946 
.961 
.974 
.983 
.989 
.993 
i .995 
» .99^ 

> M 
) M 

) .m 

3.004 1 
.006 
.009 
.015 
.023 
.035 
.056 
.083 
.121 
.177 
.242 
.313 
.394 
.464 
.521 
.566 
.603 
.625 1 
.641 
.656 
.663 
.673 
.684 
.696 
.713 
.734 
.766 
.801 
.837 
,877 
.909 
.936 
.957 
.972 
.981 
, .988 

i ,99!2 

^ .m 

\ ,991 

) .99^ 

} .991 

3.003 

.005 

.007 

.011 

.017 

.026 

.042 

.062 

.091 

.132 

.182 

.236 

.296 

.348 

.391 

.425 

1 ,453 

.470 1 
.483 
.496 
,504 
.614 
.528 
.646 
.570 
.603 
.650 
.700 
.756 
.816 
.864 
.904 
.936 
.958 
.972 
^ .982 

1 .m 

) .991 

r .99< 
^ .99' 

J .991 

0,002 ^ 
.003 
.005 
.007 
.011 
.018 
.026 
.042 
. .061 
.088 
.121 
.157 
.197 
,232 
.261 
.284 
.303 
.316 
.325 
.336 
.345 
.356 
.373 
.396 
.428 
.471 
.533 
.601 

1 .674 
.765 
,819 
.871 
, .914 

; .943 

^ .963 

1 .978 
J .985 

2 .99C 

> .99^ 

J .99C 
8 ,99' 

0.001 < 
.002 
.003 
.004 
.007 
.011 
.017 
.025 
.036 
.053 
.073 
.094 
.119 
.140 
.158 
.172 
.184 
.192 
,199 
.208 
.217 ' 
.230 
,249 
.276 
.315 
.365 
.440 
.522 
.609 
.706 
.782 
,846 
. .897 
.932 
.955 
, .971 

► .982 
) .988 
L .993 

) ,m 

! .99C 

D.OOl 
.001 * 
.001 
.002 
.003 
.005 
.008 
.011 
.017 , 
.024 
.033 
.043 
.055 
.064 
.073 
.080 
.086 
.090 
.096 

1 .104 

.113 
.126 
.148 
.178 
.222 
,279 
.364 
.456 
.555 
.665 
.753 
.825 
.883 
.923 
.949 
,967 
.979 
.986 
,99: 
.99^ 
,99\ 

0.000 

.OCX) 

.000 

.000 

.000 

.000 

.000 

.000 

,m 

.000 

.000 

.000 

.001 

.001 

,002 

.003 

.004 

1 .006 
.010 
,017 
.026 
.040 
.063 
.096 
,144 
.207 
.300 
.402 
.511 
.632 
.728 
.807 
.871 
.915 
.944 
, .964 

^ .977 

i .985 
M .991 
t .994 

3 .995 




a 

Oi 

a 

a 

a' 

a.i 

A E - TS 

a 

b 

b 

b 

hu 

B<s 

c 

Cij 


c 

Cii 

d 

d 

^ijh 

d 

D 

D20 

D 


Table of Important Symbols 

= activity. 

= activity of the fc'th component. 

= cohesion term in the van der Waals equation 
(Chapter 3). 

= length of semi-axis of revolution in an ellipsoidal 
molecule (Chapters 18, 19, 21, 22). 

== distance defined by equation 168, Chapter 3. 

= mean ionic diameter (Chapter 3). 

= work content of system. 

= surface area (Chapters 3 and 8). 

= length of equatorial semi-axis of an ellipsoidal 
molecule (Chapters 18, 19, 21, 22). 

= radius of an ion or dipolar ion. 

== volume term in the van der Waals equation 
(Chapter 3). 

= coefficient in heat content equation for solution 
(Chapter 3). 

= coefficient in expression for activity coefficient 
in solution (Chapter 3). 

— concentration in molecules cm”^ 

== coefficient in heat content equation for solution 
(Chapter 3). 

= concentration in moles per liter. 

== coefficient in expression for activity coefficient. 

in solution (Chapter 3). 

= density (Chapter 7). 

= distance = number of carbon atoms separating 
the dissociating group from the substituent 
.(Chapter 4). 

= coefficient in heat content equation for solution 
(Chapter 3). 

= partial derivative, 

= translational diffusion constant (especially in 
Chapters 18 and 19). 

= diffusion constant reduced to standard condi- 
tions (water at 20°C). (Chapter 19). 

— dielectric constant. 
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Do 

Do 

D“ 

D„ 

De 

AD 

DijVi 


e 




D 

E 

E 

Eiih 

EMF 

$ 

f 

f 

f 

fo 


= dielectric constant in the standard state, or of 
the pure solvent, water. 

== dielectric constant at low frequency (Chapter 

22 ). 

= dielectric constant of solvent (Chapter 22). 

= dielectric constant at frequency much higher 
than critical frequency (Chapter 22). 

= effective dielectric constant (Chapters 5 and 12). 

= dielectric increment (Chapter 22). 

= coefficient in expression for activity coefficient 
in solution (Chapter 3). 

== base of natural logarithms. 

= electrical charge. 

= coefficient in heat content , equation for solution 
(Chapter 3). 

= electric field intensity (Chapter 25). 

= electrostriction (Chapters 7 and 16). 

— energy of system (Chapter 3). 

= coefficient in expression for activity coefficient 
in solution (Chapter 3). 

== electromotive force. 

= electrical potential (Chapter 3). 

= activity coefficient (in Chapter 9, pp. 196-198). 

— restoring force (Chapter 2). 

= frictional resistance to a molecule moving 
through a liquid with unit velocity. 

== frictional resistance to an unhydrated spherical 
molecule moving through a liquid with unit 
velocity. 


F 

F 

F 


r,. ^ E + PV - 

f 


force. 

force constant of a chemical bond (Chapter 2). 
frictional resistance to one mole of solute mole- 
cules moving through a liquid with unit 
velocity (Chapters 18 and 19). 

: free energy of system (Chapters 3 ^nd 7). 

= free energy of k’th. component in standard state 

(Chapter 3). . 

= value of faraday in coulombs, 
s concentration of solute in grams per liter. 

= gravitational potential (Chapter 3). 

= Iny extensive property of the solution (Chap- 
3 and 7). 



654 


TABLE OF IMPORTANT SYMBOLS 


Gi 

h 

h 


H 

(H+) 
(Ht) 
AH fin 
1/2 

J 

k 

k 

k 


K 

if' 


K 2 

Kn^Kn 

Kt 


Kt 

Kz 

In 

log 

L 


Li , L2 


~ corresponding molal property of the solvent 
(Chapter 7). 

== coefficient in equation relating dielectric con- 
stant and polarization (Chapters 6 and 22). 
= number of protons dissociated from a protein 
molecule, h being taken as zero in the state 
of maximum binding (Chapter 20). 

= heat content of system. 

= hydrogen ion activity. 

= hydrogen ion activity at isoelectric point. 

== heat of fusion per mole (Chapter 8). 

== ionic strength, when ionic concentrations are 
expressed as molalities = 

= a/6; axial ratio of an ellipsoid (Chapter 21). 

= Boltzmann's constant == R/N = 1.380 X lO*"^® 
erg deg'“\ 

= rate constant (Chapter 3, p. 73). 

= with subscript 1, 2, 3, etc., or subscript 11, 12, 
etc. = dissociation constant of an individual 
acidic group in a protein (Chapter 20). 

= dissociation constant of an individual acidic 
group, in a hypothetical medium of infinite 
dielectric constant (Chapter 20). 

~ equilibrium constant. 

= equilibrium constant in terms of weight molali- 
ties (Chapter 3). 

= constant depending on the nature of the polar 
group (Chapter 9). 

= interaction constant of ion-dipolar ion due to 
Coulomb forces (salting-in coefficient). 

= salting-in constant for dipole-dipole interaction 
(Chapter 10). 

= salting-out constant for ion-dipole interaction. 

= salting-out constant for dipole-dipole interaction 
(Chapter 10). 

= activity ratio of dipolar ions to uncharged 
molecules (Chapter 4). 

= logarithm to base e. 

= logarithm to base 10, common logarithm. 

= distance between plates of electrophoretic appa- 
ratus (Chapter 25). 

= association constants for amino acids in for- 
maldehyde solution (Chapter 5). 
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,* 


r 

f 


k 

r 

r 


G 

H 

I (or pHt) 

M 

K 


> 


> 


\ 

\ 

\ 

Y 


) 


= molality (moles per kilogram of solvent). 

= moles of ^'th component per kilogram of solvent. 

= molality so low that deviation from ideal solu- 
tion laws may be neglected (Chapter 3). 

= mean electric moment per molecule (Chapter 6, 
p. 143) 

= molecular weight. 

= total molality of all solutes, 2imi (Chapter 3, 
equation 29, p. 26), 

= refractive index. 

= number of moles of Vth. species in system. 

= number of ions in spherical shell of unit thick- 
ness (Chapter 3). 

== Avogadro^s number = 6.022 X 10^^. 

= mole fraction. 

= mole fraction of h^th. component. 

= electric polarization per unit volume. 

= electric polarization of solute (Chapter 6). 

= polarization of solvent (Chapter 6). 

= pressure (Chapter 25). 

— partial pressure of second component (Chapter 

3 ). 

= titration constant (see Chapters 4 and 20). 

5 = —log (H“^); see definition in Chapter 3, p. 43, 
equation 69. 

* = pH of isoelectric point. 

= pH of maximum charge (Chapter 4). 

= negative logarithm of dissociation constant. 

= value of pA at temperature of maximum ioni- 
zation. 

molar polarization (Chapter 6). 

- pressure (Chapter 3). 

= pressure so low that deviations from perfect gas 
laws are negligible. 

= area of surface across which diffusion takes 
place (p. 397). 

= average total charge (Chapter 4, p. 94). 

= charge on a particle (Chapter 25). 

= apparent heat of ionization in kcal/mole (Chap- 
ter 20). 

= distance. 

= equilibrium distance between two atoms (Chap- 
ter 2). 
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TABLE OF IMPORTANT SYMBOLS 


R 

R 


^20 


S 

s 

s 

s 

s„ 

t 

t 

u 

T 

T, 

Tmax 

U 

V 

V 

Vx ) Vy , Vy 

V 

V 

V 

F* . 


Vi 

w 

w 

Wi 

W 

W, 

Wi 


= dipole distance = m/ «• 

= gas constant (Chapter 3). 

- specific heat of solution (Chapter 7). 

= sedimentation constant (Chapter 19, p. 422, 
equation 9). ^ 

= sedimentation constant reduced to standard 
conditions (water at 20'’C) (See Chapter 19, 
p. 422, equation 9a). 

= entropy of system (Chapter 3). 

= mass of solute diffusing or sedimenting (Chapters 
18 and 19). 

= Svedberg unit of sedimentation constant = 
10~“ sec (Chapter 19). 

=■ solubility. 

= solubility of neutral (isoelectric) protein mole- 
. cules (Chapter 24). 

= centigrade temperature. 

= time. 

= transference number of f’th species. 

= temperature in °K. 

= temperature of fusion (Chapter 8). 

= temperature of maximum ionization (Chapters 
4 and 5). 

= mobility. 

= velocity of electrophoretic migration (Chapter 
25). 

= partial specific volume (Chapter 22). 

= components of electrophoretic velocity, v (Chap- 
ter 25). 

= migration velocity (Chapter 25) 

= partial specific volume (Chapters 18 and 19). 

= volume of system (Chapter 3). 

= partial molal volume of k’th. component (Chap- 
ter 3). 

= volume of water. 

= hydration of protein, expressed as gram solvent 
bound per gram protein. 

= velocity vector (Chapter 26, equation 23). 

= one thousandth of molecular weight of first 
(solvent) component. 

= mass of system. 

= electrical work. 

= molecular weight of t’th component (Chapter 3). 
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= space coordinate (Chapter 3). 

= solute mole fraction of i^th species rrii/M (Chap- 
ter 3). 

== electric intensity of applied field (Chapter 25). 

= space coordinate. 

= quantity defined by equation 131, Chapter 3 
p. 57. 

== space coordinate. 

= valence of ^Hh ionic species. 

= net charge in proton units (Chapter 20). 

= mean net charge in proton units (Chapter 20). 
== (jS/G) ratio of velocity gradient to rotary diffusion 
constant (Chapter 21). 

== electric polarizibility (Chapter 6). 

= fraction of total number of groups of class q 
which have dissociated protons (Chapters 
6 and 20). 

= compressibility (Chapters 3 and 7). 

== extrapolated intercept of salting-out curve 
(Chapters 11 and 24). 

= velocity gradient (Chapter 21). 

= coefficient in expression for work content of gas 
(Chapter 3). 

— ionality (double ionic strength, in moles per 
liter), 2iCiz], 

= surface concentration of k’th. component. 

= activity coefficient. 

= electrostatic contribution to the activity coeffi- 
cient (Chapter 4). 

= generalized measure of particle size (Chapter 3). 
= molar dielectric increment. 

= coefficient in expression for work content of gas 
(Chapters). 

= proton charge = 4,803 X 10 esu. 

== coefficient of frictional resistance to rotary 
molecular motion (especially in Chapter 21). 
= viscosity. 

= viscosity of solvent. 

= rotary diffusion constant (Chapters 12 and 21). 
= angular coordinate. 

= parameter of Debye-Hiickel theory, defined by 
equation 108, p. 54, Chapter 3. 

= specific conductivity (Chapter 22), 
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= a function of specific conductivity, defined on 
p. 637 (Chapter 25). 

= dipole moment. 

= dipole moment of the fc’th component. 

= an electric moment defined in Chapter 12, p. 294. 
= an electric moment defined in Chapter 12, p. 294. 
= molal chemical potential of f'th species. 

= chemical potential of k’th. component in standard 
state. 

= viscosity increment of solute, defined by equation 
31, p. 515 (Chapter 21). 

= frequency (Chapter 22). 

= critical frequency. 

= number of moles of i’th species produced (Chap- 
ter 3). 

= osmotic pressure (Chapter 17, et seq.). 

= density (Chapter 3). 

= electrical density (Chapter 3, p. 53). 

= surface density of charge (Chapter 25). 

= surface tension. 

= summation over all values of i. 

= relaxation time (Chapters 21 and 22). 

= potential function for applied electric field 
(Chapter 25). 

= volume fraction of system occupied by solute 
(Chapter 21). 

— apparent molal volume (Chapter 3, p. 61). 

== apparent molal heat capacity (Chapter 7). 

= relative apparent molal heat capacity (Chapter 
3, p. 61). 

== relative apparent molal heat content (Chapter 
3, p. 61). 

= apparent molal property 6 (Chapter 7). 

= apparent molal volume of solute (in Chapter 12, 
pp. 295-296). 

= osmotic coefficient (see Chapter 3, equations 
29 and 32). 

= angular coordinate (Chapter 3). 

== force acting on one gram mole of solute (Chap- 
ter 19). 

== osmotic coefficient (Chapter 10). 
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= extinction angle (Chapter 21), 

= electrical potential. 

= angle of isocline (Chapter 21). 

= angular velocity (Chapter 21). 

= angular velocity (Chapters 19 and 21). 
= frequency (Chapter 12, p. 297). 

= Laplacian operator (Chapters 3 and 12). 
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Subject Index 


The Tabular Index of Data for Certain Important Amino Acids and 
Peptides (pp. 680-683) and the Tabular Index of Data for Certain Im- 
portant Proteins (pp* 684—686) form an essential supplement to this 
subject index. Amino acids and peptides listed in the tabular index 
are marked with an asterisk (*) in this subject index, and in the tabular 
index will be found page references for certain important data concerning 
them. The tabular index for data for proteins lists certain important 
data for a selected group of proteins, "W^hich.are marked with a dagger (f) 
in this subject index. 


A 

Acetamide, effect of, on sedimentation 
and diffusion of hemoglobin, 436 
partial specific volume of, 376 
solubility of, in water and organic 
solvents, 206 

Acetanilide, solubility of, in ethanol-wa- 
ter mixtures, 215 

Acetic acid, apparent molal heat capac- 
ity of, 169 

heats of ionization of, 117 
pK values of, in ethanol-water, 109 
in water, 109, 117 

Acetnaphthalide, solubility of, in 
ethanol-water mixtures, 215 

Acetone, solubility of amino acids, pep- 
tides and related compounds in, 201, 
202,208,209,212 

Acetylglycine, pK^ values of, 114, 135 

Acetylhistidine, apparent molal volumes 
‘and electrostriction of, 159 

Acid-base equilibria, determination of 
nature of ionizing groups in proteins 
by study of, 447-9 

effect of charged substituents on, 117- 
20, 287-94 

effect of dipolar substituents on, 120-4 
effect of ionic strength and dielectric 
constant on, 67-72, 105-15, 468-77 
fundamental concepts of acids and 
bases, 75-77 

, in protein solutions, 444 ff. 
relation of, to solubility, 590-9 


see also: Heat of ionization; Titration 
curves of proteins; Dissociation 
constants 

Acid combining capacity of proteins, 
values of, relation to content of 
basic amino acids, 354, 446, 478-505 
Acidity, definition of, 76-77 
Acids and bases, 76-77 
Brdnsted's definition of, 76 
theory of G. Lewis concerning, 76 
see also: Acid-base equilibria 
Activity (thermodynaipic), of protein 
in the crystalline phase, 679, 684-6 
see also: Activity coefficients 
Activity coefficients, definition of, 26 
of amino acids, peptides and related 
compounds, in aqueous solutions, 
196-8, 217 ff. 

in electrolyte solutions, 236-75, 
277-87 

in solutions of other dipolar ions, 
217-35 

in water and organic solvents, 196- 
216 

of ions, in amino acid solutions, 251-66 
in electrolyte solutions, 69-60, 107-11 
468-77 

in protein solutions, 394-6, 619-22 
of one dipolar ion in the presence of 
others, 217-36, 394-5, 617-22 
of peptides, in solutions of electrolytes, 
272-5 

in solutions of other dipolar ions, 
226-36 
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of proteins, deduced from EMF meas- 
urements, 468-77, 621-3 
deduced from osmotic pressure stud- 
ies, 394, 621 

deduced from solubility measure- 
ments, 586-621 

in tHe presence of salts, 684-5, 602-22 
significance of, for titration curves, 
468-77 

of salts, in solutions of dipolar ions, 
254-66, 819-22 

relation of, to dipole moments, in 
dipole-dipole interactions, 228-35 
in ion-dipole interactions, 272-87 
to osmotic coefficients, in a two-com- 
ponent 8:fstem, 34 

tt-Alanine,'*' interatomic distances in, 320 

/S- Alanine* 

cx-Alanine hydantoic acid, apparent 
molal volume of, 372 
solubility of, m water, and organic sol- 
vents, 201, 206, 208, 209 

^-Alanine hydantoic acid, apparent 
molal volume of, 372 
solubility of, in water and in ethanol, 
201, 206 

Alanylalanine, activity coefficient of, 
198, 22B 

pK^ values of, in water, from cells with 
liquid junction, 84 

Alanyldiglycine, pK' values of, in water, 
from cells with liquid junction, 84 
relaxation time of, 566 

Alanylglyoine, activity coefficient of, 
198, 22B 

apparent molal volume and electro- 
striction of, 169 
dielectric increment of, 146 
pK^ values of, in water, from cells with 
liquid junction, 84 
relaxation time of, 566 

Many lleueylgly cine, relaxation time of, 
566 

AlanylproUne, pK' values of, in water, 
from cells with liquid junction, 84 

Alcohols, activity coefficients of, in 
H(pu-.ous solution, 182 
Hpparont molal heat capacity of, 169 
me also : Ethanol , Butanol , etc . 

AHcyclie amino acids {aminocyclohexaiie 
carboxylic acids), melting points, 
pK' values, K, values, solubility 
values of, 128 


Amandin, t molecular weight of, from 
osmotic pressure in urea solution, 
390-1 

viscosity increment of, 520 

Amino acid derivatives, melting points 
of, 185 

Amino acid esters, dipole moments of, 
148 

dissociation constants of, 97-9, 101, 
102, 112-5 

interconversion of, with isomeric be- 
taines, 75 (footnote) 

Amino acid residues, calculation of spe- 
cific volumes of, 372, 375 
content of, in proteins, 368 
volume fractions of, in proteins, 376 

Amino acid salts, apparent molal volume 
of, 163 

Amino acids, analysis of, by isotope dilu- 
tion method, 365 
by other methods, 356-9 
by solubility of amino acid deriva- 
tives, 363-5 

apparent molal heat capacities of, 
165-73 

apparent molal volumes of, 157-65 
classes of, in proteins, 344-6 
content of, in proteins, 348-69 
dielectric constants of, 140-54 
diffusion constants of, 410-2 
dissociation constants of, from EMF 
measurements, on cells with liquid 
junction, 83-90 

on cells without liquid junction, 
78-83 

heats of ionization of, 81-3, 88-90 
heats of solution of, 192, 194 
infrared spectra of, 19 
isoelectric points of, 90 
isolation of, from protein hydrolysates, 
339 

melting points of, 185, 362 
partial specific volume of, 376 
Raman spectra of, 11-9 
relaxation times of, 565-7 
solubility of, in electrolyte solutions, 
236-75, 277-87 ’ 
in organic. solvents, 198-216 
in solutions of other dipolar ions, 
217-35 

in water at various temperatures, 
187-95, 199-202 
see also: Activity coefficients 


• Tabular Index nf Amino Aeida and Peptides, pp. 680-682. 
t si® Tabular Index of Proteins, p. 686. 
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Amino acids, steric configuration of, 308 
surface tension of solutions of, 174-6 
Aminobenzoic acids,* effect of resonance 
on dissociation constants of, 127-9 
equilibrium between dipolar ions and 
uncharged molecules in, 98-9, 
127-9, 160 

a-Amino-isobutyric acid* 
a-Amino-n-butyric acid* 

/3-Ami nobutyric acid* 

7 -Aminobutyric acid, activity coefficient 
of, 198, 228 

dielectric increment of, 146, 290, 545 
dipole moment of, 290 
pK^ values of, from cells with liquid 
junction, 99, 121 
Kz values of, 99 
relaxation time of, 566 
a-Aminobutyryl-a-aminobutyric acid, 
piC' values of, in water, from cells 
with liquid junction, 84 
«-Amino-n-caproic acid* (norleucine) 
€-Aminocaproic acid* 
a-Aminocaproic hydantoic acid, appar- 
ent molal volume of, 372 
solubility of, in electrolytes in ethanol- 
water mixtures, 274 
in ethanol-water mixtures, 215 
in water and organic solvents, 201, 
206, 208, 209 

e-Aminocaproic hydantoic acid, apparent 
molal volume of, 372 
solubility of, in ethanol -water mix- 
tures, 215 

in water and in organic solvents, 201, 
215 

a-Amino-iso-caproic acid, see Leucine* 
(o-Amino-n-dodecanoic acid, piK? values 
of, in water, from cells with liquid 
junction, 84, 113 

Amino group, structure of, from Raman 
spectra, 14-9 

see also: Ammonium groups. 
f-Aminoheptoic acid, dielectric incre- 
ment of, 545 

a-Amino-iso-valeric acid, apparent molal 
volume and eleCtrostriction of, 159 
a-Aminophenylacetic acid, formalde- 
hyde titration constant of, 137 
a-Aminotricarballylic acid, pK^ values 
of, in water, from cells with liquid 
junction, 85 

a-Amino-n-valeric acid* 

/9- Amino valeric' acid, activity coefficient 
of, 198, 228 


7 -AminovaIeric acid, activity coefficient 
of, 198, 228 

in ethanol -water mixtures. 111 
apparent molal volume and electro- 
striction of, 159 
dielectric increment of, 146 
pK^ values of, in water, from cells with 
liquid junction, 84 

5-Amino-n-valeric acid, activity coeffi- 
cients of, in ethanol- water mixtures, 
111 

dielectric increment of, 146, 290 
dipole moment of, 290 
Kz values of, 99 

piC values of, in water, from cells with 
liquid junction, 84, 99, 121 
Ammonia in proteins, content of, 358, 
368, 499, 501 

significance of, for protein titration 
curves, 444, 499-^1 

Anamonium groups, heats of ionizatjion 
of, 82, 89, 445 

pK values of, 80, 84-6, 99, 107, 109, 
122, 445 

effect of charged substituents on, 
117-20 

effect of dipolar substituents on, 
120-4 

effect of resonance on, 124-8 
structure of, from Raman spectra, 14-9 
from x-ray diffraction, 318-20 
Ammonium sulfate, activity coefficients 
of cystine in solutions of, 243-6 
effect of, on solubility and activity 
coefficients, of proteins, 572, 577, 
582, 587, 602, 604, 607-8 
Anomalous viscosity, see Non-New- 
tonian flow 

Anserine, pX values of, in water, from 
cells with liquid junction, 85 
Antibodies, sedimentation constants and 
molecular weights of, 433 
Antipneumococcus serum globulin, f mo- 
lecular length of, from frictional 
ratio and from double refraction of 
flow, 541 

Apparent molal compressibility of amino 
acid solutions, 173 

Apparent molal heat capacity of amino 
acid solutions, 165-73 
Apparent molal properties, of amino 
acids and related compounds in solu- 
tion, 155-73 

of electrolyte solutions, variation with 
ionic strength, 61 


! Index of Amino Acids and Peptidee, pp. 680-01 

f See Tabular Index of Proteins, p. 686. 



SUBJECT INDEX 


663 


Apparent molal volumes, as a function 
of concentration, 61, 62, 161<-5 
definition of, 166-7 
of amino acids and peptides, 165-65 
of hydantoic acids, 372 
of non -electrolytes, 163-5 
of proteins in solution, 370, 374-7, 
42S-31 

Apparent specific volume, of amino acid 
residues, 372 

of amint^ acids in solid state and in 
solution, 376 

of proteins in solution, 370, 374-7, 
42S-3i 

of proteins in the solid state, 328-30, 
377-Bl 

Bee ako: Partial specific volume 
Argimne* 

Aaeorhie add, p2v' values of, 135 
Asparagine* 

Aspartic acid* 

Aspartic acid hydantoin, solubility of, 
in water and In ethanol, 201 
Aspartylaspartic add, \)K values of, in 
water, from cells with liquid junc- 
tion, Hfj, H8 

v\8partylglydne, pK' values of, in water, 
from C(fll8 with liquid junction, 85 
a^Aspartylhistidine, piv' values of, in 
WiUor, from cells with rujuid junc- 
tion, 

AsparfylhmUdine, pK* values of, in 
water, from eelin with U(iuid junc- 
tion, K6 

AspartyltyroBine, heats of ionization of, 
80 

pA' values of, In water, from cells with 
li«|Uid junction, 85 

Assodalion of ions due to electrostatic 
forces, fM 

B 

Hadilus Phid protein, molecular weight, 
aedinnmtiitiori and diffusion con- 
stants ami s|K?dfie volume of, 428 
Barium hromate, solnbiUty of glycine 
and alanine in, 253-6 
Barium iodale, soiuhifity of glydno and 
alanine in, 253-'6 ^ * 

Baaic amino a!‘idr ir; rvrofeins, 352-6 
relation of, :i<;id combin- 

ing eaparity, 364, 446, 478*^505 
IkntefoJomm firotdn 
Bence Jonea p rot cun 


Benzamide, solubility of, in ethanol-wa- 
ter mixtures, 215 

Bergmann-Niemann hypothesis of pro- 
tein structure, 315-7 
Betaine* (N-trimethylglycine) 

Betaines, apparent molal volumes of, 159 
dielectric increments of, 147 
Raman spectra of, 15 
transformation of, into isomeric esters, 
75 

Boiling point of solvent, effect of solutes 
on, 32 

Bromelin, action of, on synthetic pep- 
tides, 310 

specificity of, 309-10 
Bromo-acids, dissociation constants (pK 
values) of, 121 

Brownian movement, rotary, relation of, 
to rotary diffusion constants and re- 
laxation times, 396-7, 606-12 
translational, relation of, to transla- 
tional diffusion constant, 396-7, 
402-6 

see also: Diffusion constant, transla- 
tional; Rotary diffusion constant; 
Sedimentation; Viscosity; Double 
refraction of flow; Dielectric dis- 
persion 

Bushy-stunt virust 

Butanol, extraction of amino acids from 
protein hydrolysates by, 361 
solubility of amino acids, peptides and 
related compounds in, 201, 202, 
208, 2X0, 212 

Butyl alcohol, see Butanol 
n-Butyric acid, apparent molal heat 
capacities of, 169 
heats of ionization of, 82, U7 

C 

Calcium chloride, activity coefficients of 
amino acids in solutions of, 240, 
243-6 . 

denaturing action of, on myosin, 536 
effect of, on activity coefficients of 
proteins, 620-1 

Calcium iodate, solubility of glycine and 
alanine in, 253-6 

Canavalin, diffusion constant, molecular 
weight, sedimentation constant, and 
specific volume of, 428 
Caproamide, solubility of, in water and 
organic solvents, 206 
Carboxyhemoglobin, see Heraoglobmt 


t 
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Acifl'i and Peptides, pp. 880-683. 
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Carboxyl group, heat of ionization of, 
82, 89, 445 

ionization of, studied by Raman spec- 
tra, 12-5 

pJK^ values of, 82, 84-6, 99, 107, 109, 117, 
121, 445 

effect of substituents on, 117-24 
structure of, in amino acids, from x-ray 
studies, 318-20 

Carnosine, pZ' values of, in water, from 
cells with liquid junction, 85 

Casein, t molecular weight of, from os- 
motic pressure, 391 
solubility of, 586-94 
see also: Sodium caseinate 
Catalaset 

Cathepsin, action of, on synthetic pep- 
tides, 310 

Centrifugal fields, effect of, on chemical 
potentials, 48; see also Chapter 19. 

CHa group, see Methylene group 

Chemical equilibria, effect of electro- 
static interactions on, 67-72 
see also: Dissociation constants; Activ- 
ity coefficients 

Chemical kinetics, effect of electrostatic 
forces on, 72-4 

Chemical potentials, in electrolyte solu- 
tions, 57-60 

see also: Activity; Activity coefficients ; 
Free energy 

Chlorocruorin (Spirographis) , sedimen- 
tation constant of, 430 

Chlorophenols, pif' values of, 130 

Chymo trypsin, crystalline, action of, on 
synthetic peptides, 310 
application of pha'fee rule to solubil- 
ity of, 581-3 
density of, 328 

dimensions of unit cell from x-ray 
data, 328 

molecular weight of, from osmotic 
pressure, 390 

from x-ray diffraction, 328 
specificity of, 309-10 
x-ray data on, 328 

7 -Chymotrypsin, dimensions of unit cell 
from x-ray data, 328 
Chymotrypsinogen, application of phase 
rule to- solubility of, 580-1 
molecular weight of, from osmotic 
pressure, 390 

sulfur-containing amino acids of, 348 
Clupein, composition and structure of, 
312 

* See Tabular Index of Amino Acids and Peptides, 
t See Tabular Index of Proteins, pp, 684-685. 


Coconut globulint 

Collagen, structure of, deduced from 
x-ray studies, 326-7 

Compressibility of amino acid solutions, 
173 

Concanavalin Af 
Concanavalin Bt 

— CONH — group, influence of, on acid- 
ity of a neighboring group, 134, 135 
on relative solubility in water and 
organic solvents, 206, 211, 212 
Conjugated proteins, 307-8 
Cosubstrates in proteolysis, 314 
Couette viscometer, 513-4 
Covolume (Traube), definition and mag- 
nitude of, for organic substances in 
aqueous solution, 157, 370-4 
Creatine, acidity of, 133 
dielectric increment of, 146 
Critical frequency, vc, definition of, and 
relation to relaxation time, 555 
see also: Relaxation time 
Cro toxin t ^ 

Cyclol hypothesis of protein structure, 
334-6 

Cysteine, in proteins, 346-52 
pK^ values of, in water, from cells with 
liquid junction, 85 

Cysteinylcysteine, pK^ values of, in 
water, from cells with liquid junc- 
tion, 85 

Cystine,* in proteins, 346-52 
salting-out constants of, 604 
Cystinyldidiglycine, dielectric increment 
of, 146 

piC' values of, in water, from cells with 
liquid junction, 86 

Cystinyldi glycine, dielectric increment 
of, 146 

pjKI' values of, in water*, from cells with 
liquid junction, 86 

Cytochrome-c,t titration curve, struc- 
ture and heme-linked acid groups of, 
486-9 

0 

Deamination of proteins, effect of, on 
gelatin, 492-5 

on protein titration curves, 448, 492-5 
Debye-Hiickel theory, < of electrolyte so- 
lutions, application of, to acid-base 
equilibria, in amino acids, 105-11; 
in proteins, 468-77 
derivation of fundamental equa- 
tions, 52-9 

pp. 680-683. 
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see also: Electrostatic forces; Activ- 
ity coefficients; Ionic strength; 
Dielectric constant; Solubility 
of electrophoretic migration, 642-3 
Denaturation of proteins, methods of 
avoiding, during extraction and 
purification, 570-3 

observed by alterations, of diffusion 
constant, 417-8 

of double refraction of flow, 536-41 
of osmotic pressure, 389-92 
of sedimentation constant, 435-43 
of thickness of surface layers, 436 
of titratable sulfhydryl groups, 435, 
437 , 537 

of viscosity, 520-22, 526-7 
of x-ray diffraction patterns, 333 
theory of, 437 

Density and specific volume of proteins, 
328-32,370-81,428-31 
Dextrose, apparent racial heat capacity 
of, 169 

i e'-Diamino-di (a-thio-n-caproic) acid, 
apparent raolal volume and electro- 
Btriction of, 159 

a /3-Diaminopropionic acid, pK' values 
of, in water, from cells with liquid 
junction, 86 

Dibromo4*tyro8ine, apparent heats of 
ioni^sation of, 89 

pK' values of, in water,' from cells with 
liquid junction, 86 
presence of, in proteins, 343 
solubility of, in ethanol-water mix- 
tures, 216 
in water, 200 

at different temperatures, 190 
Dicarboxylic acids, in proteins, 368, 368, 
499, 601 

Bee aUo: Aspartic* acid; Glutamic acid; 
Hydroxyglutamic acid 
Dichioro-f-tyrosine, apparent heats of 
ionisjation of, 89 

pK^ values of, in water, from cells with 
liquid junction, 86 

solubility of, in ethanol-water mix- 
tures, 216 
in water, 200 

at different temperatures, 190 
Dichlorophenols, pi^^ values of ,130 
Dielectric constant, deffnition of, 140 
methods of measurement of, 140, 547-9 
relation of, to dipole moments, in gases 
and nonpolarsolvcnts, 142-4 
in polar solutions, 149-52, 294-6, 
546-7 


significance of, for activity coefficients, 
in electrolyte solutions, 52-74, 236 
in solutions of dipolar ions, 217-87 
in extraction and purification of 
proteins, 571 

variation of, with frequency, see Di- 
electric dispersion 
see also: Dielectric increment 
Dielectric dispersion, 543-58 
in amino acid and peptide solutions, 
565-7 

in various protein solutions, 560-5 
inferences from, concerning protein 
structure, 567-8 

relation of, to dispersion of conduct- 
ance, 558-60 

to molecular size and shape, 555-8 
theory of, 543-6, 555-8 
see also: Dielectric constant; Dielectric 
increment; Dipole moment; Relax- 
ation time 

Dielectric increment, definition of, 145 
effect on, of rotation around valence 
bonds, 152-4 

high-frequency increment, 553-4 
low-frequency increment, 550-3 
relation of, to dipole moment, 149-52, 
290, 294-6, 546-7 

table of values of, for amino acids at 
several temperatures, 148 
for amino acids, peptides, and be- 
taines, 146 

for a-aminobutyric acid in various 
solvents, 148 

for proteins in solution, 545, 554, 557, 
559 

for uncharged molecules, 144 
total increment, 554-5 
variation with frequency, see Dielec- 
tric dispersion; Relaxation time 
Diethyl aspartate, pK values of, in wa- 
ter, 99 

Diethyl glutamate, pi^ values of, in 
water, 99 

Diffusion, rotary, see Rotary diffusion 
constant 

Diffusion, translational, general princi- 
ples and laws of, 397-407 
modification of, by a centrifugal 
field, 419 

see also: Diffusion constant 
Diffusion coefficient, see Diffusion con- 
-stant 

Diffusion constant, rotary, see Rotary 
diffusion constant 

Diffusion constant, translational, defini 
tion of, 397-8 
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Diffusion constant, translational, experi- 
mental methods for determining, 
406-10 

relation of, to Brownian movement, 
402-6 

to molecular size and shape, 402-6, 
419-25 

values of, for amino acids, 410-12 
for proteins, 411-8 , 428-31 

Diglycine hydantoic acid, apparent 
molal volume of, 372 
solubility of, in electrolytes in ethanol- 
water mixtures , 274 
in water and in organic solvents, 201, 
206 

Diglycyicystine, dielectric increment of, 
146 

pK' values of, in water, from cells with 
liquid junction, 86 

3, 4-Dihydroxy phenylalanine, pK' values 
of, in water, from cells with liquid 
junction, 85 

Diiodotyrosine, apparent heats of ioniza- 
tion of, 89 

heats of solution of, 192, 194 
pK* values of, in water, from cells with 
liquid junction, 85 
presence of, in proteins, 342 
solubility of, in ethanol-water mix- 
tures, 216 
in water, 200 

at different temperatures, 190 

Diketopiperazine, effect of, on solubility 
ofTlClandTlI03,264 
structure of molecule and crystal of, 
318-9 

Diketopiperazine rings, lack of evidence 
for their presence in proteins, 310 

i\r-Dimethyl-o-aminobenzoic afeid, Kz 
values of, 99 

pK^ values of, in water, from cells with 
liquid junction, 99 

JV-Dimethylglycine, activity coefficient 
of, 254 

pK^ values of, in water, from cells with 
liquid junction, 85 

iV-Dimethylphenylglycine, apparent mo- 
lal volume and electrostriction of, 
159 

Diphtheria antitoxic pseudoglobulinf 

Diphtheria antitoxin, solubility and 
purification of, 585 

molecular weight, sedimentation con- 
stant, diffusion constant, partial 
specific volume of, 428 

t See Tabular Index of Proteins, pp. 684-686. 


Diphtheria toxin, molecular weight, 
sedimientation constant, diffusion 
constant, partial specific volume of, 
428 

Dipolar ionic structure, effect of, on 
apparent molal compressibilities, 173 
on apparent molal heat capacities, 
165-73 

on apparent molal volumes, 157-66 
on crystal density, 186 
on crystal structure, 184-7 
on dielectric increments and dipole 
moments, 145-52, 550-68 
on infrared and ultraviolet spectra, 19 
on melting points, 184-5 
on pifiT'; as a function of dielectric 
constant of solvent, 106-11 
as a function of ionic strength, 
111-5 

on Raman spectra 13-9 
on solubility and activity coeffi- 
cients 187 ff. 

in electrolyte solutions 236-76 
277-87 609-17 

in solutions of other dipolar ions, 
217-35, 617-22 

on solubility ratios and activity coef- 
ficients in water and organic 
solvents, 206, 208, 209, 212-14 
on surface tension of amino acid 
solutions, 174r-6 

Dipolar ions, equilibrium of, with un- 
charged molecules, 75, 96-115, 127-9 
effect of change of solvent on, 
105-11 

effect of temperature on, 104 
history of discovery of, 1-8 
Dipole-dipole interactions, Fuoss’s the- 
ory of, 170, 171, 232, 234 
in amino acid and peptide solutions, 
217-36 

in protein solutions, 617-22 
Kirkwood's theory of, 234 
Scatehard-Kirkwood * ^dumb-bell" 
model for, 108-10, 231-5 
Dipole moment, electric, definition of, 2, 
142-4 

influence of, on activity coefficients, 
in interaction of dipolar ions, 
226 ff., 617-9 

in interaction of ions and dipolar 
ions, 272-6, 277-87 

of a substituent, influence of, on 
ionization of a neighboring 
group, 117-24, 287-90 
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rt^latiori of, to dielectric increment, 

140‘ 52, 296, 294-6 

tables of % 0 ilue 8 for certain polar 
moleculoH, 141, 144 
titblOvH of valuea fd, for amino acids 
and peptidea, 146, 148, 200 
for |'>roteinB, 55^1 

$ir alm>: Dielectric constant; Di- 
electric increment; Dielectric 
diapersion; Klcetric moments 
DiaperBioti; of ci^mhictance, relation of, 
to dielectric dispersion and relaxa- 
tion times, 5r#8dK) 

Dispemion d dielectric • constant, see 
Dicdectrlf. dispersion 
Dissociation and assodation of proteins, 
obiervfal by cdiangea in osmotic pres- 
sure, JIOl 

observed by ebang{!S in sedimentation 
cjmslant, 437 ’43 

gee ulmK Denaiurafeion of tyoteini 
Dissodalion constants (acidic), effect of 
l>e|>l;{de linkup on, 134-5 
effects of dftctroataiic forces on, 117- 
n, mi ■cfK im ii 
effects of resonance rm, 124-30 
of acidic and bade groups in proteins, 
44S 

of amino iKuds, 76* 130 
in f‘i,lianoi 'Water mixtures, 105-11 
In forrnaldebyde solutions, 13M 
in waf’Cr, from cells wdth liquid junc- 
tion, mm 

from cdl« without liquid junction, 

nrm 

of carboxyhcmogloblfi estimated from 
«r>luldlity measurements, 505-B 
of rertidn ring siructurci, 135 
of guanidine derivatives., 132-3 
of liydiinloiti, 135 

of iiiddaitole derivatives, I3b^2 • 

of bmiring groups in proteins, 445, 

mrm ^ ^ . 

of Ofgafdc flftrivatlves of phosphoric 
ad«b 133^4 

of phenol <leriviillves, 84-5, 130 
of pyrmr*ole derivatives, 13D2 

of o:f!-vdrv1 ?!troups, 85, 131 
Done o. ' ‘piibb^ono. 46 ^ 
indiience of, on I'Mmotui pressure 

DMrib;- e :? -eoo-o of dlipsouM mole- 

cti!c» in parallel orientatton, 631-2 
Ilouiae rufriwtioH of flow, o/7“42 
fir#t disi'ovttry of. 6'27-8 

, Site T»b*4B' !««*♦* vi Proteilw. PP- W-®®- 


in myosin, 628, 536-7, 540 
in polydisperse systems, 539-41 
in tobacco mosaic virus, 537-9, 540 
in VjOb sols, 528 

molecular lengths determined from, 
536-42 . 

comparison of, with lengths calcu- 
lated from sedimentation and 
diffusion, 641-2 
theory of, 632-6 

“Dumb-bell” model of a dipolar ion, use 
of, in calculation of thermodynamic 
properties, 108-10, 231-5 

E 

Edestin,t asymmetry and hydration of 
molecule of, 562 
dipole moment of, 554 
solubility of, 599-600 
Egg albumin,! asymmetry and hydration 
of molecule of, 662 
conductance increment of, 559 
dipole moment of, 654 
heat of solution of, 587 
influence of ionic strength on titration 
curve of, 469 

salting-out constant of, 604 
solubility of, 577 , 587, 606 
Einstein’s equation for viscosity of solu- 
tions of spherical molecules, 515-6 
Einstein’s theory of diffusion and Brown- 
ian movement, 402-6, 510 
Electric double layer, 62 ff., 626 ff. ; 
Electric moments, influence of, on activ- 
ity coefficient of a spherical dipolar 
ion with any given charge distribu- 
tion, 609-17; see also 277-87 ^ 
see aho: Dipole moment, electric 
Electrode polarization in dielectric con- 
stant measurements, 549 
Electromotive force measurements, on 
cells with liquid junction, in ammo 
acid solutions, 83-90; also 96-135 
in protein solutions, 453-7; also 
469-606 . , 

on cells without liquid junction, de- 
termination of dissociation con- 
stants of amino acids and other 
acids by, 79-84 ^ 

determination of interaction be- 
tween amino acids and salts by , 
251-2, 256-65 

between proteins ana salts ny, 
619-22 
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Electromotive force measurements, on 
cells without liquid junction, deter- 
mination of maximum acid combin- 
ing capacity of proteins by, 467-60 
thermodynamic principles of, 37-45 
see also: Dissociation constants; Activ- 
ity coefficients 

“Electrophoretic^^ friction force, 625 ff. 
Electrophoretic migration, effect of 
ionic strength on, 640-3 , 

of pressure differences in liquid on, 
629, 632 

flow parallel to plane surfaces, 626-31 
of spherical particles, 631-43 
theory of, 623-43 

Electrostatic forces, influence .of, on 
acid-base equilibria, 117-24, 287-94, 
468-77 

on apparent molal properties of ions 
and dipolar ions, 155-61, 165-73 
on properties of solutions of dipolar 
ions, 277-87 

of solutions of ions, 62-74, 236 
on solubility of proteins, 609-17 
see also: Activity coefficients; Electric 
moments 

Electrostriction, as a factor in calcula- 
tion of volumes of amino acid resi- 
dues, 373 

of proteins in solution, 378, 617 
of solvent by charged groups, in amino 
acid solutions, deduced from ap- 
parent molal volumes, 168-61 
in ionic solutions, 155, 166, 160, 161 
relation of, to apparent molal heat 
capacities, 16^73 
Electroviscous effects, 523 
Entropy, 21 ff. 

decrease of, on formation of a dipolar 
ion in solution, 187 

of solution, in aqueous solutions, 182-3 
in regular solutions, 180 
Equilibria between ions and dipolar ions, 
in amino acid solutions, 75-116 
in protein solutions, 460-77 
Equilibrium, chemical, general thermo- 
dynamic conditions for, 29, 36 
Erythrocruorinf (Area, Arenicola, Chi- 
ronomus, Daphnia, Lampetra, Lum- 
bricus, Planorbis) 

Ethanol, solubility of amino acids in, 
198-216 

Ethanol-water mixtures, . dielectric incre- 
ment of a-aminobutyric' acid in, 148 

t See Tabular Index of Proteins, pp. 684~68fi. 


dissociation constants of amino acids 
in, 106-11 

effect of, on titration curves of pro- 
teins, 447, 489-95 

solubility of amino acids in, 203, 204 
in presence of electrolytes, 266-76 
Ethyl alcohol, see Ethanol 
Ethylammonium ion, piiC values of, in 
ethanol-water, 109 
in water, 109 

Ethyl aspartate, pK values of, in water, 
99 

Ethyl glutamate, pK values of, in water, 
99 

«-Ethyl hydrogen glutamate, pK values 
of, in water, 99 

7 -Ethyl hydrogen glutamate, pK values 
of, in water, from cells with liquid 
junction, 99 

Euglobulin, molecular weight of, from 
osmotic pressure, 390 
Excelsin,t x-ray data on, 328 
Extraction of proteins, significant fac- 
tors in, 569-73 

F 

Eerrihemoglobin (metheifioglobin) , heme- 
linked acid groups of, 482-6 
Fibrinf 

Fibrin (cattle) f 

Fibrinogen, rotary diffusion constant 
and approximate length of, 640 
salting-out constant of, 604 
solubility of, 602 

Fibrous proteins, structure of, deduced 
from x-ray diffraction studies, 322-7 
Pick’s laws of diffusion, 397-8 
Formaldehyde; effect of, on gelatin ti- 
tration curve, 492-6 
on protein titration curves, 447, 492-6 
on titration constants of amino 
acids, 136 

titration of amino acids with, prin- 
ciples underlying', 136-9 
Formamide, solubility of amino acids, 
peptides and related compounds in, 
201, 202, 208, 210,. 212 
Formic acid, apparent molal heat capac- 
ity of, 169 

heats of ionization of, 82, 117 
Formyl-«-aminobutyric acid, solubility 
of, in ethanol-water mixtures, 215 
in water and organic solvents, 201, 
202. 206, 208, 209 
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melting point of, 186 
pK* viiitm 135 

solubility i»f, in ethariabwater mix- 
tures, 215 

in waff^r ami organic acilventH, 201, 
202,205,2(18,200 

Fnrmylt^'neini:, limiting point of, 1S5 
Rolubilify of, in ethanol-. water mix- 
furoH, 215 

in water ami organic aoivenfca, 201, 
205 

energy, of nolution, kiiluence of OHa 
grot.i|a4 on, 212 

Aoiivily eimlHcientB 
Freezing point of itolwnt, effect of so- 
I II I, oil on, 32 

til Uily of itiforaeiion of ittnbio aeida and 
fruitlmml ratio WUh definition of, 

mi" 6 

relalion to bydmliort, 424-6, 484-7 
to trmlortdar fdia|gp 405-0 , 424“6, 
4tl-4 7 

vabir*!^ of, for prolein molecules, 428- 

%i, rmh Ml 


0 


Celiifint deimdnnticm of, elTect of, on 
litriitioii curve, 4!M 5 
duuble refraelion of, m a functton of 
refnwdivr index, 5»i2 

of fornialdehyde on titration 
rutve of, iWl-B 

with 020, 621 
(Mbl^dhilitun or|uatioii, 21 
Olliidiii,! dipob? moment of, 5M ^ 

Cdobin : dog; molecular weight 

of, froirii omudic pres-sure, 801 

protrifia, eryifal structure 
iiUfl m-r-e of ufiif eel! 
molerwliir wmkm and nhape of, 428-48 

Uliilarriie aeiiP 

Cdutiiifdnylgluiamie mnd.ph values of, 
tn watrf, from eella with liquid jurnf- 
tiwi, H5 , , f ‘ 

■rf!uti!m$nyW>'oim% pK valps of, m 
waPT, itntu with liquid junc- 

from rrll-* witli liquid )imetiott, B6 
npBitm of, by carlm.typepiw«, 312 

Cdyriue/ rruiiimfbum of, with itsmomers 
^Inrnmiim md nitroeihEne, w 

* Jn.l« .'.{ A«m«, Art*- ««<1 PfpW®' PP' 

! St'at-nUw lo4« ^4 PP^ WJIIS. 


interatomic distances in, 320 
solubility of proteins in, 587, 617-9 
Glycine amide, pK^ values of, in water, 
from ceUs with liquid junction, 84 
Glycine residue, solubility ratios of, in 
organic solvents, 212 
Glycolamide, apparent molal heat ca- 
pacity of, 170, 17^ 
apparent molal volume of, 158, 163 
comparison of, with its isomers glycine 
and nitroe thane, 188 
density of solid, 186 
melting point and solubility of, 185, 

188 

solubility of, in water and organic sol- 
vents, 201, 202, 206 

Glycolylglycineamide, solubility of, in 
water and organic solvents, 201, 206 
Glycylalanine, activity coefficient of, 
198, 228 

apparent molal volume and electro- 
striction of, 159 
dielectric increment of, 146 
heats of ionization of, 89 
pk' values of, in water, from cells with 
liquid junction, 84 
relaxation time of, 666 
Glycylalanylalanylglycine, piC' values 
of, in water, from cells with liquid 
junction, 84 

Glycyl-a-amino-tricarballylic acid, pK 
values of, in water, from cells with 
liquid function, 85 

Glycylaspartic acid, pK' values of, m 
water, from cells with liquid junc- 
tion, 85 . 

Glycylglycine* 

Glycyl glycine ester, piC values of, in 
water, from cells with liquid junc- 
tion, 99, 113 ,11 

Glycylleucine, apparent molal volume 
and electrostriction of, 169 
dielectric increment of, 146^ 
pK' values of, from cells with liquid 
junction, ^ 

rilycvlphcnylalaninc, apparent molal 
volume and elcctrostnction of, 159 
dielectric increment of, 146 
Glycylproline, pK' values of. "'ater, 
from cells with liquid junction 84 
Glyoyl-saroosine, values of, i 

^ water, from cells with liquid junc- 

GlyoXp^sine, pK' values of, in water, 
^ from cells with liquid junction, 85 
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Glycylvaline, pK' values of, in water, 
from cells with liquid junction, 84 
Gravitational fields, effect of, on chemi- 
cal potentials, 48 

Guanidine hydrochloride, effect of, on 
diffusion constants and viscosity of 
proteins, 437, 527 

on titratable sulfhydryl groups in 
proteins, 437 

on viscosity and double refraction 
of myosin, 527 , 537 

Guanidiniiim ion, acidity of, and its 
derivatives, 84-6, 132-3, 446 
heats of ionization of, in guanidine de- 
rivatives, 89, 445 
structure of, 132 

Giintelberg-Miiller charging process, 66 
H 

Heat capacity, of electrolyte solutions, 
166-7 

of amino acid solutions, 165-73 
Heats of ionization, of acid and basic 
groups, in cytochrome-c, 488 
in egg albumin, 498-9 
in hemoglobin, 481-2 
in insulin, 602 
in jS-lactoglobulin, 600 
in proteins, 445, 447 
in serum albumin, 603-5 , 
in wool protein, 496 
in zein, 491 

of amino acids, 81-3, 88-90 
of ammonium groups, 82 
^ of carboxyl groups, 82 
of chloroacetic acid, 117 ‘ 
of fatty acids, 117 
of phenolic groups, 82 
relation of, to solubility, 590-3 
Heats of solution, of alcohols, ethers and 
ketones, in water, 182-3 
of amino acids and peptides in water, 
187-96 

of proteins, in water, 686-8 
of racemjc and optically active amino 
acids, 194 

of the components of regular solutions 
in one another, 180 
table of values of, for amino acids, 192 
for proteins, 587 

Heme-linked acid groups, of cyto- 
chrome-c, 486-9 

of ferro, Jerri, and oxyhemoglobin, 
482-6 


Hemocyanin,t dissociation and associa- 
tion of, studied by ultracentrifugal 
measurements, 437-43 
Hemocyanin, BuBycon\ 

Hemocyanin, Calcaria^ 

Hemocyanin, Eledone\ 

Hemocyanin, Helix, \ approximate 
length of, 540-1 

Hemocyanin, Helix nemoraliat 
Hemocyanin, Helix pomatia,^ pH sta- 
bility diagram of, 440 
Hemocyanin, Homarua^ 

Hemocyanin, Limulus polyphemu8,1i pH 
stability diagram of, 438 
Hemocyanin, Nephropa^ 

Hemocyanin, Palinurua vulgaris , pH 
stability diagram of, 438 
Hemocyanin, Pandalualf 
Hemocyanin, Roaaia^ 

Hemoglobin, cattle, acid and base bind- 
ing capacity of, 478 
density of crystal of, 378 
Hemoglobin, horse, t apparent heat of 
dissociation of groups in, 481 
asymmetry and hydration of molecule 
of, 562 

conductance increment, of , 559 
dipole moment of, 654 
distribution among forms of differ- 
ent net charge in isoelectric, 467 
heme-linked acid groups of, 482-6 
interaction of, with glycine, 233, 617-8 
with salts, determined from EMP 
measurements, 620 
salting-out constant of, 604 
solubility and heat of solution of, 687 
solubility of, 596, 597, 602-13, 617-8 
Hemoglobin, man,t salting-out constant 
of, 604 

CO-Hemoglobin, Lampeira, diffusion 
constant of, 416 

Hemoglobin, pig, dielectric increment 
and dipole moment of, 554 
relaxation time and critical frequency 
of, 557 

Hemoglobin, sheep, molecular weight of, 
from osmotic pressure, 392 
Henry’s theory, of electrophoretic mi- 
gration, 63^3 

Heptaglycine, dielectric increment of, 
146, 546 

Heptanol, solubility of amino acids, pep- 
tides and related compounds in, 201, 
202, 208, 210, 212 



f See Tabular Index of Proteins, pp. 684-686, 
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iiit;rcm«nt of, 146 
pK' vidw’ii <‘f. >« wautr, from cells 
w'lUi 

l£„x„wiilnmi»li'>ru' iwids, p/C' Viilues of, 

KM 

HWiciin*** . 

llirttulylitly*’'”''- 

siatiim “f, J'l* 

,,/C' %*3l(«-!, Ilf, iti water, from cells 
* with iinwtfl itmclitm, H5 

pK valwtift of, in water, 

' fnwi w'lh li'!«hl junction, 86, 

St 

Hufnw'istnf mwitrs, 64, 

glohulin, approximate 

IftiRth ‘'fi 6'l!l 

I [iietera theory «f roplioretie migra- 
tion, is . , . • 4. 

tfiKwin {»«lsTr«*uhim» (mciUus protemt 
Hydanu.'m suii'i. tipparont molal volume 

iimWnK pohit. ‘»f, 1S3 

hK' valW! of. ii45 

wltilrtlity '‘f. »* ethanol-water mix- 

in nthatioi- »»?<■*■ tn«tun* atid m 

i4nctf*»!yt«'»t. '^4 

in water a«'l tuRWwe solventa, 41)1, 

’iffij. tSrt?, 2i)a, ^ ^ 

flviiwilotn, pfU v»hw; of, 14S 
l.4«»l«lity of, in cthatwi-watuf 

in water *)»'l (irganic wdvMits, 201, 

»yamtt'*i«r '»f rfriiuno, nmlting itomt of, 

nplltmn f . 

Bnlttlmty of. in 

ilyikirtatn 'of »ps»rU*; amd, melting 
miiWu* point of, 

tiyJmiim of h-nriHO. rw-UinR IKunt of, 

JJuMynf. in water and in ethanol, 

HyiiJmu of ptotUtn cryalala, 3»Sl, 
.4. «4, 518 7, .61^22, 663, 

s 


Hydrogen bonds, definition of, 181 

significance of, for crystal structure, of 
alanine, 186-7 
of diketopiperazine, 318-9 
of glycine, 186-7 

for protein structure and denatura- 
tion, 437 (footnote) 
for structure of water and ice, 160, 

181 

Hydroxyamino acids, as constituents of 
proteins, 340-2 

Hydroxyamides, see Glyeolamide, Lac- 
tamide, a-Hydroxycaproamide, Gly- 
colylglycine-amide 

CK-Hydroxyasparagine, pK' values of, in 
water, from cells witli liquid junc- 
tion, 84 

j9-Hydroxy asparagine, pK' values of, in 
water, from cells with liquid junc- 
tion, 84 

ot-Hydroxycaproamide, solubility of, in 
water and organic solvents, 201, 206 

Hydroxyglutamic acid, content of, in 
proteins, 358, 368 

isolation -and possible structure of, 342 
^-Hydroxyglutamic acid, pK' values of, 
in water, from cells with liquid 
junction, 85 

Hydroxyl group (aliphatic), influence or, 
on acidity of a neighboring -group, 
121,122 , ^ . 
on activity coefficients of ammo 
acids in aqueous solutions, 221, 
222 

on relative solubility in water and 
organic solvents, 206, 211, 212 
Hydroxyl group (phenolic), acidic 
strength of, 130 

heat of ionization of, 82, 89, 445 ^ 
Hydroxylysine, content of, in proteins, 

Hydtoxyprolme* (oxyprohne) 

Kydtoxyvaline (oxyvalme), heats 
ioDuation oi, 89 ■ ,, 

pK' values of, m water, from cells 
with liquid junction, 84 


Imidiisolc derivatives, pK' values of. 

131 UcC 84-0 

Inorganic salts, melting pomte of. 185 

Insulin i dipole moment of, ^ 

solubility and heat isolation of. 

solubility of, 675, 601 


* '’'I''!!’ 
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Insulin, structure of (Patterson projec- 
tions), 336 
x-ray data on, 328 

Interatomic distances, in amino acids 
and peptides, 318 -t 21 
lodination of amino acids and proteins, 
343, 448, 491-2 
lodoproteins, 342-4 

lodozein, acid and base binding of, 491 
lonal concentration, definition of, 64. 

See also: Ionic strength. 

Ionic strength, definition of, 64 
effect of, on acid-base equilibria, in 
amino acid and peptide solutions, 
111-5, 287-94 

in protein solutions, 287-94, 468- 
77 

on activity coefficients, of amino 
acids and peptides, 236-87 
of dipolar ions, 111-5, 236-87 
of ions, 67-60, 66-72, 111-6, 236-7, 
471-7 

of proteins, 468-77, 602-22 
see also: Salting-in coefficient; 
Salting-out 

on apparent and partial molal prop- 
erties, of electrolytes, 60-2, 161-3 
on electrophoretic migration, 639-43 
see also: Debye-Hiickel theory; lonal 
concentration 

Jaoasparagine (a-amide), pK' values of, 
in water, from cells with liquid junc- 
tion, 84 

Isoelectric point, of amino acids and 
peptides, relation of, to pK values, 
90-3 

table of values of, 84-6 
of proteins, distinction of, from iso- 
ionic point, 446 
relation of, to solubility, 573 
relation of, to dissociation constants 
of ampholytes, 90-3 

/aoglutamine (a-anoide), pK' values of, 
in water, from cells with liquid 
junction, 84 

Isoionic point, of proteins in solution, 
446, 468-71 
Isoleucine* 

Isoserine, pX values of, in. water, from 
cells with liquid junction, 84 

K 

Keratin (wool),t a, /9 and supercon- 
tracted forms of, 325 

* See Tabular Index of Amino Acids and Peptide, 
t See Tabular Index of Proteins, pp. 684-686. 


structure of fibers of, deduced from 
x-ray studies, 323-^ 
see also: Wool protein 
Kzf equilibrium constant for intercon- 
version of dipolar ions and un- 
charged molecules, 
definition and evaluation of, 96 ff. 
effect of change in medium on, 106-11 
effect of temperature on, 10^6 
relation to chemical structure, in ali- 
cyclic amino acids, 128 
in aliphatic amino acids and pep- 
tides, 100-4 

in aminobenzoic acids, 98, 127-9 
tables of values of, 99, 107, 128 
see also: Dissociation constants; Acid 
base equilibria; Dipolar ionic 
structure 

L 

Lactalbumint 

Lactamide, apparent molal heat capacity 
of, 171, 172 

apparent molal volume of, 168, 163 
melting point of, 186 
solubility of, in water and organic sol- 
vents, 201, 202, 206 

i3-Lactoglobuiint (Lactoglobulin) , asym- 
metry and hydration of, 662 
comparison of analytical and electro- 
motive force studies on, 600-1 
conductance increment of, 669 
dicarboxylic acids of, 600-1 
dipole moment of, 664 
effect of ionic strength on titration 
curve of, 470 

solubility of, in glycine solutions, 587, 
619 

in salt solutions, 687, 610, 614 
in water, and heat of solution, 587, 
614, 619 

x-ray data on crystals of, 328 
Lead iodate, solubility of glycine and 
alanine in, 263-6 

Leucine* (a-aminodsocaproic acid), ap- 
parent molal volume and electro- 
striction of, 169 
salting-out constants of, 604 
Leucylalanine, relaxation time of, 666 
Leucyl glycine, apparent molal volume 
and electrostriction of, 169 
dielectric increment of, 146 
relaxation time of, 666 

pp. 680-683. 
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Cf^'iUirykliglycine), 
,Hml elfictro- 

i?i«‘?'#tfn<'‘iif fif, 146 
uf, 412 
U«i«" *4, Mi 

I^riMyvl «H;?,HglyrylKlyt4rif% p/i' values of, 
fr^^iu esflln wiih liquid ]uiic» 

fli'US, M 

l 4 nd»*r;' 4 n)iu .Laiii^;« ^Mjualiau furuquilih- 
riuni lF'I.Wf^**ii i«id diiKdar ions 
%u ^tiuiditdyt.i'' solutions, 

70 2. 

ratin' lliuury 'effuct of 
ionir ftiffUiglli prultdri tiimtiou 
llfi 7 

liquid pntrrnisrd^j St-dS, 83, 

IP 

ni, lyy ?p|ditkri of largo 
(J utiif’ral aalt,^ 

Lifidiifi'i rlilofi4»% ’arrHvily Ufatiiolonfes 
^4 riid4,4 in of, 212, 

m0 n 

Ly^ylulu ^ mum ntdri* 

Ly^yl .apprirouil liitaiii of lorilssa’* 

pIC *?f, m wiiPm, from eolls 

litpiid jfifiHiofti, Hfi 

M 

rlilf^ndo, oiltati of, ou ao* 
imty v^rfhrmni^ of proimim, 620^1 
%hM%tirmtm sdtf'oi uf, on aolivily 

of fi72, f#! 

isn't i"4l 21 

M^tiiiiuii'i (mkl arol ‘ t>;i 

piUrP.y ^4 ‘i* *’ ■;:■• froui 

Iv^ll’’ ^4 r^dlft, miilmiil liquid juno- 

:m. m fm 

of ■i'l^rt'j^'- null'll Hi- 4$3'"60 
a4'; lu litrHft.'Uri!' and oompu-* 

Ill ' 

Mimmnm rhmMs., fdl 
lyf.tn^ 011 h 
aridn, 
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of inorganic salts, 185 
of normal hydrocarbons, 185 
Tv/T^ compounds, 185 

Membrane potentials, 47 
Meeocystine, solubility of, in water, 200 
at different temperatures, 190 
Methanol, solubility of amino acids, 
peptides and related compounds in. 
201,202,208,210,212 
Methemoglobin, horse, density and 
molecular weight of, from x-ray 
diffraction, 328 
horse, x-ray data on, 328 
sheep, ox, dog; molecular weight of, from 
osmotic pressure, 390, 391 
see also: Ferrihemoglobin 
Mothionine*, in proteins, 346-52 
.de^hyl his'iidiru:. r)/\ ' vjilues of, in water, 
irom ce!!.-: v>. ii li liquid junction, 85 
Methylene (CH^) group, influence of, on 
activity coefficients in aequous solu- 
tk>n, 219, 221, 225 
on apparent molal volumes, 157-9 
on apparent molal heat capacities, 
168-73 

on interactions between dipolar ions, 
229 

on salting-out in amino acid solutions, 
238-9 

on solubility ratios and activity coef- 
ficients, 205-212, 221 
on surface tension of amino acid solu- 
tions, 174-6 

Mcthylhydantoic acid, apparent molal 
volume of, 158 

solubility of, in water and ethanol- 
water mixtures, 215 

Mobility, electrophoretic, see Electro^ 
phorctic migration 

of ions, relation of, i<o liquid junction 
potentials, 39--45 

Moleciilfir weights of proteins, from os- 
motic pressures, 382-95 
from Hedimcnt.ation and diffusion, 
410-43 

from sedimentation equilibrium, 420- 
1, 428-31 

from size of unit cells in protein crys- 
tals, 328-31 

iluiory of molecular weight classes 
(Svedberg), 431-33 
Myogenf 

Myoglobin, t dipole moment of, 554 
salting'OUt constant of, 604 
solubility of, 602 
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Myosin,t structure of fibers of, deduced 
from x-ray studies, 326. See below. 
Myosin, octopus, rotary diffusion con- 
stant and approximate length of, 540 
Myosin, rabbit, t double refraction of, as 
a function of refractive index, 632 
double refraction of flow in, 630 
molecular weight of, from osmotic 
pressure, 392 

rotary diffusion constant and approxi- 
mate length of, 640 
sulfur containing amino acids of, 348, 
351 

viscosity of, 526-7 

Myosin, snail, rotary diffusion constant 
and approximate length of, 640 

N 

Nitroe thane, comparison of, with its 
isomers glycine and glycolamide, 188 
Non-Newtonian flow, relation of, to 
. molecular asymmetry, 512, 623-7 
see also: Viscosity; Viscosity incre- 
ment; notary diffusion constants 
Non-polar molecules, 1, 141 
Norleucine* (a-amino-n-caproic acid) 
Normal hydrocarbons, melting points of, 
186 

Nucleohi stone (calf thymus)! 

O 

Organic solvents, uSe and dangers of, in 
protein preparations, 671 
Ornithine, dielectric increment of, 146 
pK' values of, from cells without liquid 
junction, 80 

Osmotic coefficient, definition of, 26 
relation of, to activity coefficients, 26 
in electrolyte solutions, 69-60 
values of, in serum albumin solutions, 
387-8 

Osmotic pressure, of proteins, 382-95 
determination of molecular w^eight 
from, 382-96 

in aqueous solutions, 386-90, 392-5 
in urea solutions, 391 
influence of acitivity "coefficients of 
components on, 394 
thermodynamic principles determin- 
ing, 45-7 

Ovalbuminf, see Egg albuminf 
Oxy-a-aminobutyric acid, pif' values of, 
in water, from cells with liquid junc- 
tion, 84 

apparent heats of ionization of, 89 


Oxy glutamic acid, molal volumes and 
specific volume of residue of, 372 
Oxyhemoglobin, ox, dog, sheep: molecu- 
lar weight of, from osmotic pressure, 
390, 391 

Oxyproline* (Hydroxyproline) 

Oxytocic pressor hormone, molecular 
weight, sedimentation and diffusion 
constant, partial specific volume of, 
428 

Oxy valine, see Hydroxy valine. 

P 

Papain, action of, on synthetic peptides, 
310 

specificity of, 309-10 
Partial molal quantities, in electrolyte 
solutions, general equations deter- 
mining, 61 

see also: Apparent molal volume, heat 
capacity, and compressibility. 
Partial specific volumes of proteins in 
solution, 374-77, 428-31 
see also: Apparent specific volumes; 
Apparent molal volumes 
Patterson projections, use of, in study of 
x-ray data on proteins, 336 
Pentaglycine, dielectric increment of, 
146 

pjPC' values of, in water, from cells 
with liquid junction, 84 
relaxation time of, 666 
Pepsinf, action of, on synthetic peptides, 
310 

solubility of, 679 
specificity of, 309-10 
x-ray data on crystals of, 328 
viscosity increment of, 620 
Peptide linkage, effect of, on acidic dis- 
sociation, 134-6 

evidence for, in protein structure; syn- 
thesis of, by proteolytic enzymes, 
309-12, 314 

splitting of, by proteolytic enzymes, 
309-16 

Peptides, activity coefficients of, in elec- 
trolyte solutions, 273-6 
in water and in solutions of other di- 
polar ions, 217-35 

apparent molal volumes and electro- 
striction of, 167-66 

dissociation constant of, from cells 
with liquid junction, 83-90 
distribution of charged forms in, 465 


* See Tabular Index of Amino Adda and Peptides* pp. 0^683. 
t See Tabular Index of Protoina* pp. 684-686. 
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heats of ionization of, 89 
isoelectric points of, 84~6, 90-3 
partial specific volumes of, 167-65, 376 
solubility of, in water and organic 
solvents, 198-216 

splitting of, by proteolytic enzymes, 
310 

pH, definition of, 43 
see also: Dissociation constants 

(acidic) ; Electromotive force meas- 
urements; Liquid junction poten- 
tials ; Activity coefficients 
Phase rule, 21 

application of, to solubility of pro- 
teins, 576-85 

Phenolic groups, heats of ionization of, 
82 

Phenyl group, influence of, on acidity of 
a neighboring group, 124-9 
on relative solubility in water and 
organic solvents, 206, 211, 212 
Phenylalanine* 

Phenylalanylarginine, apparent heats of 
ionization of, 89 

pK^ values of, in water, from cells with 
liquid junction, 86 

Phenylalanylglycine, apparent heats of 
ionization of, 89 

apparent molal volume and electro- 
striction of, 159 
dielectric increment of, 146 
pK' values of, in water, from cells 
with liquid junction, 84 
iV-Phenylglycine, dielectric increment 
of, 146 

Phosphate buffers, effect of, on solubility 
. of proteins, 672-3, 697, 604-5 
Phosphoric acid, pK' values of, 134 
Phosphorus as a constituent of proteins, 
307, 308, 341 
Phycocyanf 
Phycoerythrinf 

piT and pK' values, see Dissociation con”- 
stants 

Polar molecules, 1, 2, 141 
see also: Dielectric constant; Dielectric 
increment; Dipole moment; Dipo- 
lar ionic structure; Eelaxation 
time 

Polarization, dielectric, definition of, 143 
relation of, to dielectric constant, in 
gases and non-polar liquids, 143 
in polar liquids, 151-2, 294-6 
in protein solutions, 646-7 


in solutions of amino acids and pep- 
tides, 149-52 

see also: Dielectric constant; Dielec- 
tric increment; Dipole moment 
Polarizability, electric, definition of, 142 
Polypeptide chain, structure of, de- 
duced from x-ray studies, 321 ff. 
Potassium chloride, activity coefficients 
of amino acids in solutions of, 238, 
264, 269-70 

effect of, on activity coefficients of 
proteins, 608 (fig.) 

Potential, of a large thin plane flake be- 
tween parallel plates, 626 ff. 
of a spherical particle, in a conducting 
medium, 62-5, 625 ff. 
in an insulating medium, 624 
Precipitin reaction, relation of, to com- 
binations between protein ions, 602 
Proline* 

Propionamide, partial specific volume of, 
376 

solubility of, in water and organic sol- 
vents, 206 

Propionic acid, apparent molal heat 
capacity of, 169 
heats of ionization of, 82, 117 
Raman frequencies of, 11, 16 
Protamines, composition and structure 
of, 312 

insoluble salts formed with insulin, 
675, 601 

Protein-protein interactions, 620-^2 
Protein salts, insoluble, 676, 599-602 
Proteins, amino acid composition of, 
358-9 

early analytical studies on, 341 
weight per cent of amino acid residues 
in, 368 

ses Table of Contents, Chapters 13-25 
inclusive 

Proteolytic enzymes, specificity of, and 
hydrolysis of synthetic substrates 
by, 309-10 

Pseudoglobulin t, diffusion constant of, 
417 

interaction of, with salts, 620 
molecular weight of, from osmotic 
pressure, 390 
solubility of, 602 

Purity of protein preparations, criteria 
of, 317 

Pyrazole derivatives, pK' values of, 131. 
Pyroglutamic acid, heats of solution of, 
192 


* See Tftbulaii Index of Amino Acids and Peptides, pp. 680-683. 
t See Tabular Index of Proteins, pp, 684-686. 
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Ilabbit papilloma virus, molecular 
weight, sedimentation and diffusion 
constants, partial specific volume, 
of, 430 

Raman spectra, 10-19 
evidence for dipolar ionic structure 
from, 12-19 

general relation of, 'to molecular vibra- 
tions, 9-12 

ionization of amino group, studied by, 
15-19 

of carboxyl group, studied by, 12-15 
‘'Regular solutions”, definition of, 180 
deviation from laws of, in aqueous so- 
lutions, 183 

"Relaxation effect”, in electric double 
layer, 642-3 

Relaxation time, definition of, and rela- 
tion to molecular size and shape, 
506-12 

determination of, from dielectric dis- 
persion, 555-8 

from dispersion of conductance, 558- 
60 

from double refraction of flow, 532-6 
relation of, to rotary diffusion con- 
stants, 508-12 

tables of values of, for amino acids and 
peptides, 566 
for proteins, 540, 557, 559 
see also: Rotary diffusion constant. 
Resonance in molecules, 124-30 
effect of, on acidity of aminobenzoic 
acids, 127-9 

on acidity of the anilinium ion, 125-7 
on dipole moments, 128 
in the amide group, 129-30 
Ribonucleasef, x-ray data on crystals of, 
328 

Rotary diffusion constant, definition of, 
and relation to molecular size and 
shape, 506-12 

determination of, from dielectric dis- 
persion measurements, 555-8 
from dispersion of conductance. 558- 
60 

from double refraction of flow, 632-6 
lengths of protein molecules calculated 
from, 511, 536-42 

relation of, to relaxation times, 508-12 
significance of, for non-Newtonian 
flow (anomalous viscosity), 523-7 


L l»4ex of Amino Acids and Pentidp 

!* See Tabular Index of Proteins, p. 686. ^ 


tables of values of, for protein mole- 
cules, 640, 567, 569 
see also: Relaxation time. 

S 

Salmine, 313; amino acid content of, 368 
Salt formation, between oppositely 
charged protein ions, 675 
Salting-in coefficient, for interaction be- 
tween proteins and amino acids, 
617-9 

between proteins and ions, 609-17 
619-22 

relation of,, to dipole moments, 612- 
17 

between dipolar ions (Kr), relation 
, of, to electric moments, 229-35, 
617-9 

between ions and amino acids or pep- 
tides (Kr or Kr), 111-5, 245-60, 
272-5 

relation of, to electric moment of 
dipolar ion, 273-6, 280-7 
theoretical calculation of, 277 ff. 
for another ellipsoidal model, 283 
for prolate ellipsoids with charges 
at foci, 281, 282, 301-3 
for spherical dipolar ions, 280, 281, 
299-301, 609-17 

Salting-out coefficient, for interactions 
between dipolar ions (KS), 223,227. 
229-35 

for interactions between ions and di- 
polar ions (Ks)^ 111-12, 243 ,ff., 261 
table of values of, 604 
theoretical calculation of, 248, 267-9, 
280, 281, 285, 613-4 
see: Salting-out 

Salting-out of non-electrolytes, 62 
Salting-out of proteins, 602-9 
effect of pH on, 606-7 
of temperature on, 607-8 
equation describing, 603 
values of salting-out constant, 603-6 
Sarcosine* 

Sarcosylglycine, pK' values of, in water, 
from cells with liquid junction, 85 
Sarcosylsarcosine, pK' values of, in 
water, from cells with liquid junc- 
tion, 86 

Secalin, critical frequency and relaxation 
time of, 667 

dielectric increment of, 645, 554 
dipole moment of, 554 

pp. 680-683, 



SUBJECT INDEX 


677 


Secretin, amino acid composition of: re- 
lation to Bergmann-Niemann hypo- 
thesis, 316 

Sedimentation constant (s), definition 
of, 422 

reduction of, to standard conditions 
(s2o), 422 

relation of, to molecular asymmetry 
and hydration, 424-5 
values of, for proteins, 428-443 
Serine* 

Serum albumin, horse f, asymmetry and 
hydration of molecule of, 562 
dipole moment of, 654 
interaction of, with salt, 620 
sedimentation diagram of, 442 
solubility of, 602 
Bee also: Serum albumin sulfate * 
Serum albumin, man, molecular weight 
of, from osmotic pressure, 392 
Serum albumin, ox, molecular weight of, 
from osmotic pressure, 392 
Serum albumin, sheep, molecular weight 
of, from osmotic pressure, 392 
Serum albumin sulfate, horse, solubility 
and heat of solution of, 687 
Serum euglobulin, horse, density of 
crystals of, 377 

Serum globulin, horsef) viscosity incre- 
ment of, 520 

Bee ako: Berum pseudoglobulin 
Serum globulin, Lampetra, molecular 
weight, sedimentation and diffusion 
constants, partial specific volume, 
of. 429 

Serum globulin, manf 
Serum globulin, ox, molecular weight of, 
from osmotic pressure, 392 
Berum globulin, sheep, molecular weight 
of, from osmotic pressure, 392 
Berum psetidoglobulin, dielectric incre- 
ment of, 646 
Bee aha: Berum glolmlinf 
Berum 7 »pseudagIobulint, horse, asym- 
metry and hyrlration of molecule of, 
662 

critical frequency and relaxation time 
of, 557 

dielectric increment of, 651, 563. 564 
dipole moment of, 564 
Shapes of protein molecules deduced, 
from dielectric dispersion measure- 
mentB, 556 '»7, 

from double refraction of flow, 636-42 


from sedimentation and diffusion, 404- 
6, 424-5, 434-7 

from viscosity measurements, 519-22 
from x-ray diffraction studies, 322-7. 
331-7 

Silk fibroint, composition of, 315 
frequencies of amino acid residues in, 
315 

x-ray diffraction, studies on, 322-3 
Silver iodate, solubility of glycine and 
alanine in, 253-6 

Smoluchowski’s equation, for electro- 
phoretic migration, 628, 640 
for electroviscous effects, 523 
Sodium caseinate, rotary . diffusion con- 
stant and approximate length of, 540 
Sodium chloride, effect of, on activity 
coefficients, of amino acids, 238-51, 
256-64, 266-75 
of peptides, 272-5 
of proteins, 673, 604, 608 
Sodium sulfate, activity coefficients of 
cystine in solutions of, 243-6 
as a precipitant for proteins, 572, 604, 
608 (Fig.) 

salting-out of lactoglobulin in, 604 
solubility of hemoglobin in, 604, 608 
(Fig.) 

Sodium thymonucleate, rotary diffusion 
constapt and approximate length of, 

. 

Solid solutions of proteins in crystals, 
580, 682-3 

Solubility, effect of particle size on, 51 
significance of, for protein solubility, 
52 

general relations of, to chemical struc- 
ture and to intermolecular forces, 
177-95 

of amino acids and peptides, in solu- 
tions of electrolytes, 236-76 
in solutions of other dipolar ions, 
217-35 

in water, at various temperatures, 
190-4 

at 25% 199-200 

in water and organic solvents at 
25% 201-4, 206-16 

of electrolytes in different solvents, 62 
of proteins, choice of solvents for ex- 
traction of proteins, 569-73 
in water, 674, 586-7 
infiiienoe of ionic strength on, in 
uiluie fcali. solutions; influence of 
electric moments, 609-17 


* Bm Tiibular Index of Amino Amd« And Peptides, pp. 680-683. 
1 TAbniiyr Indix of IVoteiris, pp. 684-686. 
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Solubility, of proteins, influence of ionic 
strength -on, in concentrated salt 
solutions (salting-out), 602-9 
in solutions of other dipolar ions, 
617-9 

influence of pH on, 575-6, 593-9, 
60^7 

influence of temperature on, 576, 
587, 605, 607 

influence of total mass of saturating 
body on, 576-87 

temperature coefficient and heat of 
solution of, 188-95 
tabulated values of, for amino acids, 
19(V2, 204 
for proteins, 587 

see also: Activity coeflScients; Heat of 
solution; Ionic strength; Dielec- 
tric constant; Phase rule 
Solubility product of amino acid deriva- 
tives, 3fl3-5 

Solubility product constant of proteins 
in solution, 593-4 

Solvents, choice of, for extraction of 
proteins, 669-73 
“Specific ion interaction", 64 
Specific volume, see Apparent specific 
.volume; Partial specific volume 
Spider silk fibroin, amino acid content of, 
358 

Stereochemistry of, amino acids, 308 
Stokes’ law of viscous resistance to a 
moving sphere, 402, 406, 624 
Streaming birefringence, see Double re- 
fraction of flow 

Structures derived from x-ray diffraction 
studies of alanine molecule, 320 
of diketopiperazine, 319, 321 
of fibrous proteins, 322-7 
of “globular" proteins, 327-32 
of glycine molecule, 320-1 
of /S-keratin, 325 
of virus proteins, 332-3 
of wet and dry insulin (Patterson 
projections), 336 

Sucrose, apparent molal heat capacity in 
water of, 169 

apparent volume and electrostriction 
of, 163 

melting point of, 185 
Sulfhydryl group, aliphatic, acidity of, 
85, 131 

piT' values of amino acids and pep- 
tides containing, 85 

Sulfhydryl groups, in proteins, presence 
of, 351, 448 


titratable; increase of, on denatura- 
tion, 435, 437, 537 

Sulfui*, influence of, in methionine, on 
relative solubility in water and or 
ganic solvents, 206, 211, 212 
in proteins, 346-52 

Sulfur-containing amino acids, in pro- 
teins, 346-52 

Surface concentration of a component 
definition of, 60 ^ 

Surface energy, 49 
Surface tension, 49 

of amino acid solutions, relation of, to 
dipolar ionic structure, 174-6 
Svedberg unit of sedimentation con- 
stant, definition of, 422 

T 

Taurine*^ 

Temperature, influence of, on solubility 
of proteins, 576, 687, 605, 607 
Tetraglycine, dielectric increment of, 
146 

pJ^C' values of, in water, from cells with 
liquid junction, 84 
relaxation time of, '566 
Tetronic acid, pii:^ values of, ,135 
Thallous chloride, solubility of, in amino 
acid solutions, 251-4 

Thallous iodate, solubility of, in amino 
acid solutions, 263-6 
Threonine* 

Thyroglobulin, diiodotyrosine and thy- 
roxine in, 342 
Thyroglobulin, pigf 
Thyroxine, in proteins, 342 
Titration constants (Simms), relation 
of, to dissociation constants, 449-53 
Titration curves of proteins,! 444-506 
description of, in terms of titration 
constants, 449-53 
affect of ionic strength on, 468-77 
methods of determining nature of 
ionizing groups in, 447-9 
temperature coefficients of, see Heat of 
ionization 

see also: Maximum acid and base bind- 
ing capacity; Deamination of pro- 
teins 

Tobacco mosaic virus, double refrac- 
tion of flow of., 638, 539 
rotary diffusion constant of, 640 
sedimentation constant of, 430 
translational diffusion constant of, 417 
see references under Virus proteins 


I Acids and Peptide 

t See Tabular Index of Proteins, pp, 684-686. 
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Tobacco seed globulin, density and mo- 
lecular weight of, from x-ray diffrac- 
tion studies, 329, 330 
dimensi(m of unit cell of, from x-ray 
studies, 329 

Total charge on ampholyte molecules, 
distinction from net charge, 93, 446 
Tri glycine*^ 

Triglycine hydanloic acid, apparent 
molal volume of, 372 
solubility of, in water and in organic 
solvents, 201, 206 

Trypsin, action of, on synthetic pep- 
tides, 310 

molecular weight of, from osmotic 
pressure nuutsurements, 390 
specificity of, 309 10 
Tryptophane*^ 

Tyrosine salting-out constants of, 604 
Tyrosylarginine, apparent heats of ioni- 
Will on, H9 

pK^ values of, in water, from cells 
with liquid junction, 85 
TyrosyityroBine, pK' values of, in water, 
from eeik with liquid junction, 85 

U 

Ilf racMif rifucr. general principles of 
flf,lgn r.f, !2e--7 

results of ultracentrifugal measure- 
merits, 427-43 

theory of uUracentrifugal measure- 
ments, 419-24 

Unrestricted systems, tliermodynamic 
treatment of, 36 

t Vrn , ppar-^ nf molnl heat capacity of, 169 
appaifoii. mnljil Vfilumc and clectro- 
atriet-ion of, 163 
dklectrie increment of, 144 
dipole moment of, 144, 231, 233 
influence of, on osmotic pressure of 
profeimi* SB9-92 

on aedimentalion and diffusion con- 
sltnlj and viscosity of proteins, 
m-r, 527 

on titratiible sulfhydryl groups in 
protei ni, 437 

on viicomty and diffusion of serum 
albumin, 417* 522 

on viscoiilty and double refraction 
of rnyoain, 627, 537 
interaction of, with cystine, 231 
melting point of, 185 
partial specific volume of, 376 
solubility of, in aqueous electrolyte 
solution; activity coefficient of , 254 

tjrcaact 


V 

Valine* 

Velocity gradient, definition of, 512 
effect of, on motion of ellipsoidal par- 
ticles ill a liquid, 517-9 
on viscosity increments in solutions 
^ of asymmetrical molecules, 523-7 
magnitude of, in flow between concen- 
tric cylinders, 513-4 
^ in flow through a capillary tube, 513 
significance of, for double refraction of 
flow, 532-40 

Virus proteins, double refraction of flow 
^ in solutions of, 537-9 
liquid crystal formation in solutions 
of, 332 

molecular weights of, 428-31 * 
x-ray diffraction studies on, 328-9, 332 
Viscometers and viscometry, 513-4 
Viscosimeters, see Viscometers 
Viscosity, definition of, 512 
measurement of, 513-4 
of solutions, containing large spherical 
molecules, 614-7 
of ellipsoidal molecules, 517-27 * 
of solvent, influence of, on electro- 
phoretic migration velocity, 624-43 
^ on rotary Brownian movement, 610-2 
on sedimentation velocity, 422-5 
on translational diffusion and 
Brownian movement, 402-6 
relation of, to molecular asymmetry 
and hydration, 519-22 
values of, in myosin, 526-7 
in tobacco mosaic virus, 524-5 
variation of, with change of velocity 
gradient, 523-7 

Viscosity increment (j^), definition of, 515 
of spherical molecules, 515-7 
relation of, to molecular shape and 
hydration, 519-27 

W 

Wool protein, combination of, with acids 
and bases and with acid anions, 
496-8 

see also: Keratin 

X,Y,Z 

X-ray diffraction studies of proteins, 5, 
318-37 

see also: Structure derived from x-ray 
Yellow enzyme t 
Zeinf 

Zinc chloride, effect of, on activity co- 
efficients, of amino acids, 264-5 


of protei^ ^ 
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Tabular ludez of Data for Certain Important Amino Acids and Peptides. Part I. 

(Further references concerning many of these substances are given in Part II and in the Subject Index). 


Content of 
amino acid in 
proteins 

CO 

lO CO 

i—t 

CO 


315, 354-5, 
358-9,368 

358-9, 368, 
499 

i s 

Sco crToj 

CO CO CO 

Raman 

spec- 

trum 

iO lO 

i—H rH rH 

lOlO 

rH r-( 

tH 

15 

15 

Melting 

point 

185 

128 

00 

rH 



1 

1 

Relaxa- 

tion 

time 

566 

566 

566 

566 

566 



Diffu- 

sion 

con- 

stant 

412 


412 

412 


Dipole moment 

1 233, 287 

I 290 

233, 287 

1 

275 

275, 290 

CO 

CO 

(N 

231 

Dielectric 

increment 

146, 148, 
545 

146, 150, 
290, 

645 

128 

146, 148 

146 

146, 150, 
290,545 

tH 

tHCO CO CO 

rH rH rH rH 

1 147 

! 

146 

146 

i 

Heats of | 
ioniza- 
tion 

79-80, 

89 

1 

1 

i 

79-80, 

89 

79-80 

79-80 

79-80 

89 

89 

! 

89 

Formalde- 

hyde 

titration 

constants 

137-8 

i 


137 

137-8 

137 

pK' Values 

In ethanol- 
water 
mixtures 

107 

107 

j 

107 



In water j 
from cells 
with liquid 
junction 

84, 99, 
121 

84, 99, 
121- 
2 

99, 128 
84,99 

05 

a> 

th riT 

00 00 

84 

85 

84 

85, 88, 
99 

05 

05 

lO CO uo 

0000 00 00 

In water 
from cells 
without 
liquid 
junction 

79-80 

79-80 i 

79-80 

79-80 

79-80 
i 80 

1 

' 80 

' 


a- Ala nine 

^-Alanine 

Aminobenzoic acids (o, 

ni,p) 

a-Amino-n-butyric acid. . . . 

1 

a-Anaino-iso-butyric acid. . . 

5-Aminobutyric acid 

a-Amino-n-caproic acid. . . . 
e-Aminocaproic acid 

x-Amino-7i-valeric acid 

Arginine 

Isparagine 

Ispartic acid. 

betaine 

Cystine 

ilutamic acid 

llutamine 



315, 358-9, 
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cw 

«« 

2"SSS 
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‘o' 
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»o 
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PROTEINS, AMINO ACIDS AND PEPTIDES 


Tabular Index of Data for Certain Important Proteins. Part I 
(Further references concerning many of these proteins are given in Part II and 
in the Subject Index) 


. Proteins 

Amino acid content 

Add and 
base 
binding 
capacity 

Titration 

curve 

fr 

Dielectric 

increment 

Relaxa- 

tion 

time 

Viscosity 

increment 

Sulfur 

containing 

amino 

acids 

Basic 

amino 

acids 

Other 

amino 

acids 

Casein 

348, 358 

; 354, 358 

358-9 

354, 459 





Coconut globu- 









lin 

358 

358 

358 






Edestin 

348-9, 

354-5, 

368-9, 

354, 459 


545, 554 

557 



358, 

368-9, 

368 







368 

368 







Egg albumin 









(ovalbumin) 

348-9, 

354, 

358—9 , 

354, 

469, 499 

545, 

557 

620, 622 


358, 

358-9, 

368, 

465, 


662, 




368 

368, 

499 

498- 


554, 





499 


600 


659 



Fibrin , 

348, 350 








Fibrin, cattle . . 

358 

355, 368 

358-9 






Gelatin. 

348-9, 

365, 

358-9, 

355, 459 

493, 496 





358, 

368, 

368 







368 

368 







Gliadin 

348-9, 

354, 358 

358-9 

354 


546, 654 

657 

620 


358 








Hemocyanin* . . 

348 

355 





i 

520 

Hemoglobin, 









horse 

348, i 

365, 368 

358 

356, 478 

466, 

546, 

557 

620 


350, 




480, 

550, 




358 




484 

654, 









569 



Insulin 

348-9, 

364, 

358-9, 

354 

502 

545, 654 

667 



358, 

368-9, 

368 







368 

368 







Keratin, wool . . 

358 

368 

358 






/S-Lactoglobu- 









iin 


354-5, 

501 

354, 

470, 500 

645, 

557, 

620 



601 


600-1 


664, 

563 








569 



Myoglobip 






654 

657 


Myosin, rabbit. 

348, 350 

365 


365 




525,527 

Pseudoglobu- 









lin- Y 


355 


355 





Serum albumin, 









horse 

348, 

366, 358 

358-9 

366, 504 

503-4 

546,564 

667 

620, 622 


350, 









358 








Silk Fibroin — 

358 

316, 368 

316, 368 






Thyroglobulin, 









„ pig 

348 







520, 522 

Zem 

348-9, 

354, 

368-9, 

364, 

490-1 

546,664 

667 



358, 

368, 

368 

490-1 






368 

368 








* Various species. 



Tabular Index of Data for Certain Important Proteins. Part n 
(Further references concerning many of these proteins are given in Part I and in 
. the Subject Index 



Partial 

specific 

Dimen- 

sion 

density 

of 

Molecular Weight from 

Trans- , 
lational 


Proteins 

of unit 3 
cell 


■ Sedi- 


X-ray 

dif- 

fraction 

Sedimen- 


volume 

from ( 

x-ray- 

data 

:rystals 

Osmotic 

pressure 

men- 
tation 
and dif- 
fusion 

tation 

equilib- 

rium 

diffusion 

constant 

constant 

Amandin 

429 



390-1 

429 

429 


416, 

429 













429, 


Antipneumo- 








520 


coccus serum 










globulins* . . . 

428-30 




428- 



428- 

428- 

Bence Jones-a. 





30 



430 

430 

428 




428 


4!^ 

Bence JoneS“/3.. 

428 




428 


416, 428 

428 

Bushy stunt 










virus 

430 

329 

329- 


430 

430 

329- 

417, 430 

430 



Catalase 

429 


30 


429 


330 

416, 429 

429 

Concanavalin 






A 

428 




428 



416, 428 

4^ 

Concanavalin 






B 

428 




428 



416, 428 

428 







Cro toxin 

428 




428 

428 


428 

i 428 

Cytochrome-c . 
Diphtheria 

428 




428 


416, 428 

428 


antitoxic 










pseudoglo- 
bulin 

428-9 




428- 



428-429 

428- 





429 



429 

Edestin 

375, 

379, 


377, 

391 

429 



416, 429 

429 



379 





429 









Egg albumin 








415-6, 

428 

(ovalbumin) . 

375, 


377 

385, 

428 

428 


428 

428, 

430 



390-1 

428, 

428, 430 


428, 

520, 

522 

416, 

428- 


Erythrocru- 
orins* 





430 


428, 

430 









430 


Excelsin 

429 

329 

329- 

390 

429 


329- 

416, 429 

429 


30 



330 



Gelatin 

375 


















Gliadin 

428 



390-392 

428 

428 


416, 

428 








428, 

520 


Hemocyanins* 

429- 

30 



390-391 

429- 

430, 

429^30 


416, 

429- 

429- 

430 





541 



430, 










520 


Hemoglobin, 
horse 

. 379, 

329 

378-9 

1 385- 

428 

428 


415- 

428 

428 



386, 




416, 





389- 




428, 






392 




520 



* Various SDecies. 



686 PROTEINS, AMINO ACIDS AND PEPTIDES 


Tabular Index of Data for Certain Important Proteins. Part II {Concluded) 


Proteins 

Partial 

specific 

volume 

Dimen- 
sion 
of unit 
cell 
from 
x-ray- 
data 

Densi ty 
of 

crystals 

Molecular Weight from 

■ Trans- 
lational 
diffusion 
constant 

Sedimen- 

tation 

constant 

Osmotic 

pressure 

Sedi- 
men- 
tation 
and dif- 
fusion 

Sedimen- 

tation 

equilib- 

rium 

X-ray 

dif. 

fraction 

Hemoglobin, 










man 

428 



392 

428 



415- 

428 









416, 










428 


Hordein 

428 




428 



428 

428 

Human tuber- 










cu^sis bacil- 










lus protein. . . 

428 




428 



428 

428 

Insulin 

375, 

328, 

328 


428 

428 

328 

416, 428 

428 


428 

336 








Keratin, wool 


325 








Lactalbumin . . 

428 




428 



416, 428 

428 

/3-Lactoglobu- 










lin 

428 

328 

328- 


428 

428 

328- 

416, 

428 




9, 




329 

428, 





380- 





520 


Myogen 

429 


1 


429 

429 


429 

429 

Myoglobin 

428 




428 

428 


416, 428 

428 

Nucleohistone, 

430 




430 

430 


430 

430 

Pepsin 

428 

328 

328 

390 

428 

428 

328- 

416-7, 

428 








329 

■ 428, 










520 


Phycocyan .... 

429 




429 

429 


416, 429 

429 

Pliycoerythrin, 

429 




429 

429 


413, 

429 


1 







416, 










429 


Ribonuclease. . 

428 

328 

328 


428 

428 

328 

417, 428 

428 

Serum albu- 










min, horse. . , 

428 

329 

329, 

386-392 

330, 

428 

329- 

415, 

428 




377 

* 

428 


330 

416-7, 










428, 










520, 










522 


Serum globulin, 










horse 

428 



390-392 

428 

428 


416, 

428 









428, 










520 


Serum globulin, 










man 

428 



392 

428 



428 

428 

Thyroglobulin, 










pig 

429 




429 

429 


416, 

429 









429, 










520-2 


Urease 

429 




429 



416, 429 

429 

Yellow enzyme. 

428 




428 

428 


416, 428 

428 

Zein 

375, 



390-391 

428 



428 

428 


428 




'« • >,r 








Various species. 


